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ABSTRACT

The shift towards renewable energy solutions in order to meet the demands of an
exponentially growing populace has resulted in significant amounts of research into
new, environmentally friendly, power generating technologies. Among these
innovations, biofuel cells capable of utilising non-toxic, non-flammable and renewable
fuel substrates have begun to gain momentum due to the portability and projected low
cost of such devices. However, the commercialisation and mass adoption of biofuel
cells has been hampered by their less than ideal performance characteristics when
compared to inorganic based fuel cell technologies. For example, low power outputs
due to potential losses within the cell arising from complex reaction pathways, low
current densities resulting from low surface area electrodes, and enzyme immobilisation
strategies that are difficult to scale up to practical sizes remain factors that need to be
addressed. In addition, the stability of such devices is often an inhibiting factor to
widespread adoption since the poor lifetime of the enzymatic species utilised within a
biofuel cell often limits their practical usage to a time scale well below that of their
inorganic counterparts.

This thesis aimed to address the above problems through several different strategies.
These were:

1) Employing a high surface area electrode material comprised of an interwoven
network of nano-sized carbon fibres (named herein as NanoWeb) in order to
increase the current densities able to be produced by a biofuel cell.
2) Increasing the working potential of biofuel cells by directly connecting the redox
centres embedded in an enzyme with electrodes via the use of nanostructured
carbon materials, and
3) Enhancing the lifetime and stability of biofuel cells through the use of a
biocompatible, enzyme stabilising ionic liquid, choline dihydrogen phosphate.

Electrochemical characterisation of the NanoWeb material was conducted using Fourier
iii

transform voltammetry and cyclic voltammetry, and the results compared to those
obtained using other nanostructured carbon electrode materials. The former technique
allowed the separation of capacitive, pseudo-capacitive and Faradaic responses, which
was found to be essential since the NanoWeb material was found to have a high
capacitance of nearly 1.5 mF.cm-2. The NanoWeb material was also found to have a
large electroactive surface area of 2.16 cm2 per square centimetre of geometric surface
area, which is much larger than that of other nanostructured carbon materials such as
carbon nanotubes and graphene.

Direct electrical contact of the enzymes bilirubin oxidase and glucose oxidase to an
electrode comprised of the NanoWeb material was investigated using cyclic
voltammetry. While glucose oxidase immobilised at the NanoWeb electrode displayed
redox activity attributable to its embedded cofactor, and thus appeared to be intimately
connected to the electrode, only bilirubin oxidase was able to produce a catalytic current
upon the introduction of its substrate, oxygen, into the cell. The current produced in the
latter case was significant, reaching values as high as 270 µA.cm-2.

Immobilisation of both bilirubin oxidase and glucose oxidase in a redox mediating
hydrogel at a NanoWeb modified electrode allowed large catalytic currents to be
produced from relatively small amounts of reactants. Increased mass transport of
substrate to the electrode surface was observed for such electrodes, with subsequent
rotation of the electrode increasing the current density only marginally. Despite thicker
films of redox hydrogel requiring rotational rates of up to 1500 rpm to achieve
maximum current density, the NanoWeb was found to be a more effective electrode
platform than others reported in the literature. Cathodes comprised of bilirubin oxidase
immobilised in redox hydrogel at the surface of NanoWeb modified electrodes
produced currents of up to 35.49 µA.µg-1 of enzyme or 8.28 µA.µg-1 of hydrogel. Such
efficiency allowed for currents as high as 1.86 mA to be produced from an electrode of
only ~ 1cm2 (geometric area). Even larger current densities of 43.55 µA.µg-1 of glucose
oxidase and 29.27 µA.µg-1 of hydrogel were produced at NanoWeb modified anodes
when glucose was introduced into the cell. In this case, ~ 1cm2 (geometric area)
electrodes were able to produce current densities exceeding 2.3 mA.

iv

The catalytic oxidation of glucose by glucose oxidase was performed in mixed
ChDHP/phosphate buffer media with ChDHP concentrations as high as 80 % (w/w).
This is the highest concentration of an ionic liquid in a mixed solvent system ever used
to successfully perform glucose oxidase based catalysis. Although the catalytic currents
produced in ChDHP based electrolytes were lower than that obtained in purely aqueous
media, this was found to be a direct consequence of the ILs low pH and high viscosity
rather than any denaturing effect caused by the ionic liquid. Indeed, when data was
normalised with respect to both the activity of the enzyme at low pH, as well as
diffusional impedances caused by the high viscosity media, it was found that the
catalytic currents produced in ChDHP based electrolytes were in fact higher than that
obtained in aqueous buffer.
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ABBREVIATIONS AND NOTATION

A

ampere

a.u.

absorbance units

ABTS

2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)

BOD

bilirubin oxidase

BSA

bovine serum albumin

Cdl

double layer capacitance

CE

concentration of enzyme

Cm

concentration of mediator

CNT

carbon nanotube

CO*

bulk concentration of oxidised species

CR

*

bulk concentration of reduced species

CV

cyclic voltammetry

CVD

chemical vapour deposition

d(pH)

change in pH

dE

change in potential

DET

direct electron transfer

Dm

diffusion coefficient of mediator

DO

diffusion coefficient of oxidised species

DR

diffusion coefficient of reduced species

Ds

diffusion coefficient of substrate

E0’

formal redox potential

Einitial

initial potential

Eox

potential of oxidation

Ered

potential of reduction

Eλ

switching potential

ƒ

frequency

F

Faraday constant

FAD

flavin adenine dinucleotide

FcCOOH

ferrocenecarboxylic acid

FcMeOH

ferrocenemethanol
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Fe(III).pTS

iron(III) para-toluenesulfonate

FTACV

Fourier transform alternating current voltammetry

g

gravitational acceleration

GC

glassy carbon

GOx

glucose oxidase

HOPGE

highly orientated pyrolytic graphite

HRP

horseradish peroxidase

i

current

il

limiting current

imax

maximum current

ipa

peak anodic current

ipc

peak cathodic current

iss

steady state current

k

rate constant for the reaction between mediator and enzyme

k0

standard rate constant

k0app

apparent standard rate constant

K4Fe(CN)6

potassium ferrocyanide

kb

rate constant for the backwards reaction

kc

catalytic rate constant

kcat

catalytic rate constant

kf

rate constant for the forward reaction

Kmapp

apparent Michaelis-Menton constant

KMS

Michealis constant

MET

mediated electron transfer

MWCNTs

multi-walled carbon nanotubes

n

number of electrons

Na2HPO4.7H2O

disodium hydrogen phosphate heptahydrate

NaH2PO4.H2O

sodium dihydrogen phosphate monohydrate

PBS

phosphate buffered saline

ppi

pores per inch

Pt

platinum metal

R

universal gas constant

r

radius
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R2

correlation coefficient

RVC

reticulated vitreous carbon

SEM

scanning electron microscopy

SQRT

square root

SWCNTs

single-wall carbon nanotubes

T

temperature

Vs

terminal velocity

Voc

open circuit voltage

α

transfer coefficient

∆Ep

peak potential separation

η

overpotential

κ

correctional factor for Stokes’ equation

ν

scan rate

ρ

density

τ

cell time constant

ω

angular frequency

Г

surface coverage

[S]

substrate concentration

µ

dynamic fluid viscosity
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1.1

General Introduction

Overview

This thesis aims to investigate ways in which to improve the performance of fuel cells
utilising biocatalytic reactions. Specifically, the thesis focuses on improving the power
density output of such cells by employing a new type of high surface area electrode
substrate, and investigating conventional mediated electron transfer (MET) catalysis as
well as direct electron transfer (DET) catalysis at the new material. Additionally, the
thesis aims to improve upon the lifetime of enzymes used in such devices by
investigating the use of an ionic liquid as the electrolyte. A general discussion relating
to the various aspects of the research is provided in this Chapter.

1.2

Fuel Cells

Interest in renewable energy sources is becoming heightened in response to the ever
increasing power requirements of an exponentially growing populace. Meeting this
increased energy demand is likely to involve widespread integration of a variety of
renewable energy technologies including solar cells, wind powered generators and
hydroelectric power stations [1]. With the increasing adoption of portable devices
requiring miniaturised power supplies, a significant dependence on battery technologies
is becoming apparent. However, the batteries currently in commercial use often contain
toxic, acidic and/or flammable constituents that require sturdy protective casings in
order to protect them from the outside environment. Significant scope thus exists for
new power technologies that are more environmentally friendly and able to be contained
within more lightweight and flexible housings.

Fuel cells are devices similar in design to batteries, as they are comprised of an anode
and a cathode enclosed within a container containing an electrolyte. However, while a
battery’s fuel is contained wholly within the cell housing itself and is recharged via
application of an external charge, a fuel cell operates by feeding the fuel into the cell as
required with the subsequent removal of spent fuel products. Fuel cells capable of
operating on completely renewable fuel sources such as hydrogen and methanol have
2
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significant potential to help alleviate worldwide energy problems due to their flexibility
in cell design and size, which allows for portable and widespread usage [2]. With the
continued emergence of new nano-scale materials and fabrication methods, energy
densities available from fuel cell technologies are rapidly approaching levels where
widespread adoption for smaller more compact applications is becoming commercially
viable [3, 4]. While inorganic fuel cells based on p-group catalysts have been developed
to the point where several commercial products are already available, their predicted
usage for large scale applications on a widespread basis, especially in the automotive
industry, have failed to be realised due to the cost and limited supply of such catalysts
[5, 6]. Despite such setbacks, Elgowainy et al. recently presented a review summarising
the advantages of such fuel cell technologies and how they can readily penetrate the
electricity market in some application areas on the basis of their energy efficiencies and
low greenhouse gas emissions [6]. What would be more advantageous, however, would
be the adoption of fuel cells capable of converting completely renewable fuel sources to
electricity utilising eco-friendly and abundant catalysts.

1.3

Biofuel Cells and Biocatalysis

The recent demand for more renewable energy sources that are able to operate under
mild, neutral conditions has resulted in significant research efforts aimed at generating
electricity through the use of biocatalysis in so-called biofuel cells. This is in part due to
the diversity and abundance of fuel substrates that are able to be catalytically
decomposed by enzymes, allowing for a diverse array of possible energy generation
strategies to be explored.

A biofuel cell can broadly be defined as a fuel cell that is able to directly convert
chemical energy into electricity via a biochemical pathway. The biochemical pathway in
this sense refers to using a biocatalyst, such as a whole living organism (microbial), or
enzymatic or non-enzymatic protein, to catalyse the reduction and/or oxidation of a fuel
substrate. A schematic of a simple enzymatic biofuel cell configuration utilising two
well known biocatalytic enzymes, glucose oxidase and bilirubin oxidase, is shown in
3
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Figure 1.1. The cell is comprised of an anode at which an oxidation reaction takes place
and a cathode at which reduction takes place. In Figure 1.1, the anodic side of the cell
utilises glucose oxidase (GOx) to catalytically oxidise the fuel (glucose). The two
electrons gained by the enzyme during the reaction are subsequently transferred via a
redox mediator to the anode. The electrons then flow through an external circuit to the
cathode, driven by the electromotive force arising from the potential difference between
the two electrodes, where they are able to do useful work. The cell is completed by a
cathodic type enzyme, bilirubin oxidase (BOD), which accepts electrons from the
cathode to perform the biocatalytic reduction of molecular oxygen to water.

e-

eLOAD

4eFcMeOH

GOx(R)

Gluconolactone

GOx(O)

Glucose

H2O

Anode

BOD
+

FcMeOH

Cathode

O2

Figure 1.1: Schematic of a biofuel cell used to convert a fuel (glucose) to electricity.

Although the premise appears to be quite simple, the production of a biofuel cell that is
capable of delivering suitable power densities to operate devices on a large scale is yet
to be realised. Progress in the area is being made however, with several biofuel cell
prototypes utilising microbes having been constructed. Such devices have been
demonstrated to provide adequate power in a variety of applications such as an
autonomous biochemical oxygen demand (BOD) sensor and various mobile sensing
robots [7-9]. While such devices show promising power outputs for larger-scale
applications, microbially catalysed systems do not lend themselves as well to
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miniaturisation and portability due to the large biomass involved. Such application areas
are more likely to be addressed by biofuel cells utilising isolated and purified enzymes.
1.4

General Enzyme Classification

Enzymes are proteins that catalyse specific chemical reactions. They are generally
classified according to the type of reaction they catalyse. For example, kinases transfer
phosphate groups from molecules such as adenosine triphosphate (ATP) to specific
substrates. For the purposes of this thesis they will also be divided into the following
three classes based on the location of the enzyme’s redox centre [10].

Type I enzymes are those where the redox centre is located near to, or on the periphery
of, the protein’s shell (Figure 1.2 (a)). This allows for the redox centre to communicate
directly with an electrode provided that the enzyme is correctly orientated on the
electrode surface. These types of enzymes are comparatively rare but examples include
cytochrome c, azurin and horseradish peroxidase [10].

The Type II enzyme is one in which the active site is buried deep within its insulating
protein or glycoprotein shell (Figure 1.2 (b)). Such an arrangement impedes direct
electrical communication between the redox centre and an electrode, and thus generally
requires the use of a redox mediator to shuttle electrons from the active site to the
electrode. The enzyme glucose oxidase is a well known example of this type of enzyme.

A Type III enzyme is one where the redox centre is present in a cofactor that is loosely
bound to the enzyme and therefore able to diffuse away to an electrode surface (Figure
1.2 (c)). The cofactor therefore effectively serves as a redox mediator. Two of the most
commonly encountered cofactors are nicotinamide adenine dinucleotide (NADH) and
nicotinamide adenine dinucleotide phosphate (NADPH).
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(a)

(b)

(c)

Figure 1.2: Schematic showing the three main classes of enzymes, sorted according to the location of the
enzyme’s redox centre. In each case the blue spheres represent the insulating bulk of the enzyme and the
red circle depicts its the redox centre. (a) Type I enzyme with a peripheral active site. (b) Type II enzyme
with a redox site buried within the protein shell. (c) Type III enzyme with a loosely bound active site.

1.5

Electron Transfer Mechanism

Generally speaking, the mechanism by which electrons are transferred from the catalytic
centre of an enzyme to an electrode substrate can be classified into two main groups.
These are mediated electron transfer (MET) and direct electron transfer (DET). Which
of the mechanisms is used depends upon which of the afore mentioned enzyme types is
employed.

1.5.1

Mediated Electron Transfer

As the name suggests, a MET process utilises a redox active species to shuttle electrons
from the enzyme to the electrode (for an anodic process) or from the electrode to the
enzyme (for a cathodic process). A redox mediator is required if the redox centre of the
enzyme is unable to communicate directly with the electrode surface. This is a common
problem in biofuel cells since the catalytic centre of the enzyme used is often buried
within an insulating protein shell, which inhibits intimate contact with an electrode.
Although with certain enzymes under specific conditions the rate of a mediated electron
transfer process can exceed that of a direct electron transfer mechanism, the
introduction of a redox mediator can be detrimental to a fuel cell’s overall power output
6

Chapter 1

General Introduction

for several reasons. Firstly, the difference in redox potentials for the enzyme and redox
mediator must be non-zero, and so an activation over-potential is introduced into the
system. This over-potential results in a reduction of the observed open-circuit potential
of the cell from the theoretical maximum [11]. For this reason, the formal redox
potential of the mediator must be as close as possible to the redox potential of the
enzymatic centre in order to increase the cells operating potential whilst still providing
sufficient driving force for electron transfer to occur.

Secondly, diffusional problems associated with the mediator can arise leading to a
kinetic limitation of the cells maximum current density. Immobilisation of the mediator
onto the electrode is often employed in order to both increase the apparent concentration
of the mediator at the electrode surface, and avoid any significant diffusional
limitations. However, successful immobilisation is often a challenging task since an
immobilised redox mediator must be both in intimate contact with the surface of the
electrode and the redox centre of the enzyme. This has typically been accomplished in
the literature by immobilising both the enzyme and mediator in a layer of conducting
polymer such as polypyrrole, which has been electrochemically deposited onto the
electrode. Such configurations are aimed more toward biosensor applications, since the
polymer film impedes substrate diffusion to the embedded protein, thereby limiting the
current density able to be produced by the electrode [12].

1.5.1.1 Redox Polymer Mediated Catalysis

A relatively new way the challenges associated with mediated catalysis have been
approached is through the use of redox polymers (or redox hydrogels). Such materials
typically possess a water soluble polymer backbone containing tethered redox centres
that “sweep” electrons from the enzyme’s redox centre and pass them onto
neighbouring polymer redox sites (Figure 1.3). Although the system could be
envisioned as utilising a “hopping” charge conduction mechanism, it is more
appropriately modelled as a Marcus-type collisional electron transfer process [13].
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e-

Figure 1.3: Schematic illustration of the mechanism of charge conduction within a redox hydrogel. The
tethered redox centres represented by the red and grey spheres are sufficiently mobile to enable collisions
between adjacent centres (adapted from [14]).

As these types of redox polymers are engineered to be water soluble, they require some
form of crosslinking to immobilise them at the electrode surface and prevent diffusion
away into the bulk solution. Once suitably crosslinked however, these polymers show
excellent stability and mechanical integrity.

The diffusional limitations typically encountered when immobilising redox enzymes in
thin films are significantly reduced in these redox polymer systems, since their
structures swell considerably upon immersion in water. Swelling ratios of up to 3.4
times the initial size have been recorded by some groups, resulting in structures that are
more permeable to both the enzyme’s substrate and reaction products [15]. This avoids
build up and clogging of the hydrogel’s pores whilst also allowing the tethered redox
centres to “swing” more freely. The added mobility aids in both the collection of
electrons from enzymes and enhancing the apparent electron diffusion coefficient (Dapp)
within the hydrogel film. Such diffusion coefficients can range from 10-12 to 10-6 cm2.s-1
depending on the polymer used. A bounded diffusion model to predict the Dapp for
redox polymers, based on the solution-phase self-exchange rate of the redox species
(kex), the electron hopping distance (δ), the distance across which the redox centre can
move (λ) and the concentration of the redox species (CRT) (Equation 1.1) has been
developed [16]. Several publications concerning methods of optimising redox hydrogel
composition, method of synthesis, and the reaction and diffusion kinetics within the
polymer system are available [17-20].
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Dapp =

Equation 1.1

1
k ex (δ 2 + 3λ2 )C RT
6

Recent advances in MET biofuel cells have been dominated by cells based on
immobilised redox hydrogels typically composed of osmium-based complexes. These
include the “cathodic” (PAA-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]2+/+ (E0’ = 0.36
V vs. Ag/AgCl) and “anodic” (PVP-[Os(N,N′-dialkylated-2,2′-bis-imidazole)3] 3+/2+ (E0’
= - 0.195 V vs. Ag/AgCl) shown in Figure 1.4. These complexes have been used for
electrically connecting electrodes to the enzymes bilirubin oxidase and glucose oxidase,
respectively [21-23].
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Figure 1.4: (a) (PAA-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]2+/+, and (b) (PVP-[Os(N,N′-dialkylated 2,2′-bis-imidazole)3]3+/2+.

As shown in Figure 1.4, the redox polymers are polycations with the charge residing on
the osmium complex. This assists dissolution of the enzyme into the polymer containing
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solution since many of the more common enzymes used in biofuel cell studies, such as
glucose oxidase and bilirubin oxidase, are polyanions at physiological pHs (isoelectric
point (pI) = 4.2 for both species [24, 25]). In addition, the resulting coulombic attraction
ensures that the enzyme and osmium complex are closely associated within the
hydrogel structure, and that leaching of the enzyme into the bulk solution does not
readily occur.

One of the aims of investigations into the use of redox polymers for MET has been to
tune the formal potential of the redox centre so that the efficiency of redox processes is
maximised. Gallaway et al. demonstrated that maximum catalytic performance did not
always occur when the redox potential of the polymer was close to that of the enzyme in
question, but rather when the potential difference was ~ 250 - 300 mV, a result similar
to that obtained for systems operating in solution [19, 26, 27]. Thus a trade off between
catalytic rate and cell potential arises resulting in a need to accurately position the redox
potential of the mediator at an over-potential conducive to attaining maximum cell
power.

The potentials of the above materials are determined primarily by the transition metal
ion connected to the tether as well as the ligands present in its coordination sphere [28].
Thus, simple substitution of these components has resulted in a wide range of polymers
with potentials ranging from - 0.2 V to 0.55 V (versus Ag/AgCl). This has led to a
diverse array of redox polymer hydrogel structures being synthesised which have been
found to be suitable for both anodic and cathodic reactions [15, 29-31]. A review
compiling both the anodic and cathodic type osmium-based polymers currently in the
literature is provided by Calabrese Barton et al. [32].

Despite the impressive results being obtained with newly synthesised redox hydrogels,
some underlying commercialisation problems remain in using these materials for
mediated catalysis. First, the structure of the polymers is often quite complex requiring
significant and time-consuming synthetic procedures and purification techniques. In
addition, osmium is one of the least abundant elements in the earths crust. As a result its
cost and availability for large scale production are likely to inhibit mass
commercialisation of products containing osmium complexes.
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Direct Electron Transfer

One way to circumvent the problems associated with using redox mediated systems is to
develop new electrode architectures that are able to directly communicate with the
catalytic centres of enzymes. This approach eliminates the need for a redox mediator,
and in doing so, simplifies the overall reaction pathway resulting in a more efficient
redox process. This should in theory enable higher power densities to be achieved.

The literature concerning electronic coupling of proteins directly to electrodes covers an
expansive collection of different biological moieties and electrode platforms. This
includes, for example, studies describing direct electron transfer (DET) from
peroxidases, such as horseradish peroxidase and cytochrome c, to novel electrodes such
as gemini surfactant/polyvinyl alcohol composite films and nanostructured polyaniline
electrodes, respectively [33, 34]. Other examples of DET involving proteins
immobilised on carbon based materials include xanthine oxidase catalysing the
reduction of nitrate at single-walled carbon nanotubes (SWCNTs) [35], the cellobiose
dehydrogenase catalysed oxidation of lactose at SWCNTs [36], and a hemoglobin based
H2O2 biosensor in which the protein is immobilised on carbon nanofibre electrodes [37].
An extensive literature also exists describing cathodic type enzymes that catalyse the
four electron reduction of molecular oxygen to water. For example, both nanoporous
gold electrodes and substrates composed of carbon based materials have been shown to
facilitate DET from Trametes versicolor laccase [38, 39]. Although good
electrochemical responses were obtained using the laccase, it was necessary to use
acidic conditions in order to achieve optimal performance, which is not ideal for many
biofuel cell applications where a neutral pH is preferred. The multi-copper oxidase,
bilirubin oxidase from Myrothecium verrucaria, on the other hand catalyses the four
electron reduction of molecular oxygen under neutral conditions at a variety of
electrodes without the need for a redox mediator [40-43].

A problem with DET based reactions however, is that often only a monolayer of
enzyme is in intimate contact with the electrode owing to the size and globular shape
typical of many enzymes. This significantly limits the number of catalytic centres that
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can be arranged in a monolayer on the electrode surface. Calabrese Barton et al.
estimated that an enzyme with a 500 electron per second turnover rate occupying ~ 100
nm2 on a planar electrode will only generate ~ 80 µA.cm-2 [32]. This current density is
significantly lower than what is required for practical applications, which would be
expected to be within the mA.cm-2 regime in order for any useful work to be done by
the cell. A number of reports have described attempts to overcome this limitation by
immobilising enzymes onto high surface area, nanostructured electrodes [44-46].

Glucose oxidase and bilirubin oxidase are among the most utilised proteins in biofuel
cells for the anodic and cathodic electrodes, respectively. Since this thesis also focuses
on these two enzymes, a brief description of them and the literature pertaining to their
reactions, both by MET and DET, is given in the following sections.

1.6

Glucose Oxidase MET and DET

The enzyme glucose oxidase (GOx, β-D-glucose:1-oxidoreductase, EC 1.1.3.4) has
been extensively studied for a variety of applications due to its robustness and well
understood reaction kinetics. The enzyme is an ~ 60 kDa dimeric flavoprotein
comprised of two identical subunits each containing a tightly, yet non-covalently bound
flavin adenine dinucleotide (FAD) cofactor. Each of these redox centres is buried ~ 13 18 Å within an electrically insulating glycoprotein shell with a total carbohydrate
content of ~ 16 % (w/w) [47, 48]. Each subunit (or monomer) folds into two domains;
one being responsible for binding of the substrate (β-D-glucose) while the other is
responsible for the non-covalent binding of FAD. The GOx enzyme catalyses the 2
electron oxidation of β-D-glucose to D-glucono-1,5-lactone, which is then subsequently
hydrolysed to gluconic acid according to Figure 1.5. The oxidation reaction is followed
by the reduction of molecular oxygen to hydrogen peroxide by the reduced form of
GOx in order to regenerate the enzymatically active species. In this reaction electrons
are transferred from the reduced cofactor (FADH2) to oxygen. The latter reactions have
been shown by semiempirical quantum mechanical/molecular mechanical (QM/MM)
calculations to be radically different from those observed when the enzyme is free in
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solution [49, 50].
β-D-glucose

D-glucono-1,5-lactone

gluconic acid
HO

OH

O

O

O

HO

OH

HO
OH

HO

GOx

OH

H 2O
OH

HO

Spontaneous

HO
O

Hydrolysis
OH

HO

HO

O
H3C

H

N

e-

NH

H3C

N

N
R

O

H3C

H3C

N

H

O

.

N

e-

NH

N

O

Semiquinone

O

N

H3C

NH

H3C

R

FAD

OH

N

N

R

H

O

FADH2

intermediate

GOx (FADH 2 ) + O 2 → GOx (FAD ) + H 2 O 2

Figure 1.5: Illustration of the oxidation of β-D-glucose by the FAD cofactor of the enzyme glucose
oxidase.

While the enzyme is highly specific for the β anomer of D-glucose, it also oxidises
other substrates such as 2-deoxy-D-glucose, D-mannose and D-fructose albeit at a much
slower rate. In addition, GOx has also been observed to oxidise one electron substrates
such as furoin [51].

A number of studies have focused on using direct electron transfer from the enzyme
glucose oxidase (GOx) for biosensor technologies. This is despite difficulty in accessing
the flavin adenine dinucleotide (FAD) cofactor responsible for the catalytic reaction,
which is buried as much as 13 Å – 18 Å within the insulating outer shell of the protein.
Notwithstanding, direct electron transfer (DET) from GOx has been demonstrated by
many groups using a variety of electrode platforms and immobilisation matrices. This
has resulted in a significant amount of literature describing a multitude of novel ways in
which DET from FAD to an electrode has been facilitated [45, 52-54].
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Perhaps the most prevalent electrode materials in the literature for performing DET
reactions with GOx are carbon nanotubes (CNTs). Detailed electrochemical
characterisation studies have been conducted using GOx immobilised onto SWCNTs
with the aid of the perfluorinated Nafion polymer [55, 56]. These studies describe well
defined, bell shaped redox peaks indicative of a surface confined redox process that
have been attributed to the FAD redox centre within the native enzyme [57-59]. The
redox response was measured both qualitatively and quantitatively using cyclic
voltammetry (CV) and potential step chronoamperometry, and highlighted the difficulty
in obtaining kinetic parameters at electrodes comprised of large surface area, kinetically
heterogeneous surfaces using classical electrochemical theories [55]. The authors of the
latter report also succeeded in producing a biosensor based on the assembled electrodes
that was capable of glucose detection at potentials as low as – 400 mV vs. Ag/AgCl
[60].

Similar DET responses of GOx have been observed at multi-walled carbon nanotubes
(MWCNTs) as well as aligned carbon nanotube (ACNT) arrays where the enzyme has
been immobilised using a variety of techniques. Physical adsorption of the GOx protein
onto MWCNTs was demonstrated by Tominaga et al. to be an effective way to
intimately connect the FAD centres of the native enzyme to the electrode, with some
evidence of an oxidative catalytic current being observed upon the introduction of
glucose into the system [61]. Other groups have reported the DET response of GOx
utilising immobilisation matrices such as MWCNT/chitosan composites, CNT/silica
composites as well as chitosan/CdS nanoparticle composite films deposited onto ACNT
arrays [62-64]. An early report likened the ability of carbon nanotubes to electrically
connect with the buried redox sites of GOx to “piercing a balloon with a needle” [59].
In this scenario, individual nanotubes are able to pierce the glycoprotein shell of the
enzyme and electrically contact the redox centres without affecting the proteins
conformation and functionality. However, other carbon electrode materials have also
been shown to allow DET reactions to occur. Mesoporous carbon and graphene sheets
for example, have been examined in the literature and shown to facilitate the intimate
contact required for the DET reaction to occur [65-69]. In light of this, the significant
amount of literature concerning the DET reaction of GOx at carbon based materials may
in fact be attributable to the abundant occurrence of edge plane pyrolytic graphite type
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defects that are found in all of the above materials. Such defects have been
demonstrated by Banks et al. to be associated with high levels of electroactivity [70-72].

Several other electrode platforms not derived from carbon materials have also been
shown to facilitate the DET reaction. For example, DET has been realised by
immobilising the enzyme on colloidal gold or poly-L-lysine modified glassy carbon
electrodes using Nafion [52, 73]. In addition, nanowires made from the inherently
conducting polymer polyaniline have more recently been shown to allow DET from
GOx and the electrocatalytic oxidation of glucose [44, 74].

In a different approach, modification of the enzyme by removing some of its insulating
shell has recently been demonstrated to enable a significant electrocatalytic glucose
oxidation response via a DET mechanism [54]. Although deglycosylation was
successfully reported and patented much earlier for GOx from Penicillium
amagasakiense, the report by Courjean et al. represents the first time a significant
glucose oxidative catalytic current has been observed using a deglycosylated GOx
enzyme. However, a biofuel cell utilising the modified enzyme has yet to be reported
[75-77].

1.7

Bilirubin Oxidase MET and DET

Bilirubin oxidase (BOD, bilirubin : oxygen oxidoreductase, EC 1.3.3.5) is a monomeric,
multicopper oxidase protein with a molecular mass of 60 kDa containing one type I
(T1), one type II (T2), and two type III (T3) copper ions [78, 79]. Parts of its sequence
are analogous to other multi-copper oxidases such as laccases [78, 80]. In
“conventional” homogenous catalytic reactions with BOD, the type I copper centre
accepts electrons from the electron-donating substrate, bilirubin, and transfers these to
the T2/T3 site via an intra-molecular mechanism where they are used in the reduction of
molecular oxygen to water according to Equation 1.2.
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2 bilirubin + O 2 → 2 biliverdin + H 2 O

The electron transfer processes associated with a DET mechanism involving BOD have
been investigated by both electrochemical and spectroscopic means by various groups,
although some debate still exists as to the origin of the observed electrochemical
responses. The T1 cluster is generally thought to be responsible for initial acceptance of
electrons from the electrode, as in the conventional homogeneous case. However,
Weigel et al. have reported formal redox potentials more indicative of a DET
mechanism involving the T2/T3 centres [42, 81-83]. This ambiguity arises in many
cases since the redox activity attributable to the active centre of bilirubin oxidase is not
directly observable in electrochemical experiments making determination of the exact
electron transfer mechanism difficult. One possible explanation for this is that the large
capacitive currents associated with nanostructured electrodes swamp any underlying
faradaic response. Despite the lack of a formal BOD redox signature, large reductive
currents can be produced at enzyme modified electrodes as diverse as functionalised
gold, various carbon based materials and silica sol-gel composites, upon the
introduction of oxygen into the cell [40-42, 81, 84].

Early reports by Tsujimura et al. demonstrated that significant oxygen reduction
currents could be obtained at edge-plane, highly orientated pyrolytic graphite electrodes
(HOPGE) and plastic formed carbon electrodes (PFCE) [85]. It was found that the
crystal edge plane of the graphitic electrodes was required for fast electron transfer
kinetics as similar experiments conducted with standard glassy carbon electrodes,
platinum, gold and basal-plane HOPGE electrodes did not give rise to any appreciable
reductive currents. Current densities as high as 300 µA.cm-2 at a potential of 0 V (vs.
Ag/AgCl) were obtained using BOD from Myrothecium verrucaria when experiments
were conducted using cyclic voltammetry at scan rates of 20 mV.s-1. Although the
group did not report any electrochemical signals arising from the copper centres
themselves, the onset of the reduction current was observed to be at ~ 0.5 V vs.
Ag/AgCl (at pH 7.0), indicating that the initial electron transfer from the electrode to the
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enzyme involved the T1 centre of BOD [85].

Spectrographic graphite electrodes have also been utilised by research groups who did
find direct electrochemical evidence for the copper clusters of BOD from both
Myrothecium verrucaria and Trachyderma tsunodae, when adsorbed onto the electrode
surface [41, 42]. In both cases the presence of molecular oxygen in the electrolyte gave
rise to reductive currents beginning at > 700 mV vs. NHE. Currents as high as 200
µA.cm-1 were recorded at scan rates of 10 mV.s-1 based on the calculated surface area of
the electrodes at potentials of ~ 200 mV vs. NHE.

Multi-walled carbon nanotubes have also been shown to enable electrochemical
detection of the copper clusters of BOD [43]. In this case, MWCNT electrodes were
prepared via a drop-casting procedure with subsequent adsorption of the enzyme. The
enzyme kinetics of the BOD enzyme at MWCNT electrodes prepared in this way were
found to be diffusion limited, with subsequent experiments conducted under rotating
conditions found to increase the catalytic currents produced. In the presence of
molecular oxygen, substantial reductive currents of up to ~ 500 µA.cm-2 were recorded
for this electrode assembly.

Similarly, large oxygen reductive currents were reported by Tsujimura et al. using
electrodes fashioned from a carbon aerogel [40]. When BOD from Myrothecium
verrucaria was adsorbed onto the mesoporous aerogel prepared from a slurry of carbon
particles and both PVDF and N-methyl-2-pyrrolidone, a reductive current of 6 mA.cm-2
at 0 V vs. Ag/AgCl was obtained. The carbon material was calculated to have an
extremely large surface area of ~ 850 m2.g-1, resulting in the reaction being diffusion
limited in unstirred solutions. As such, rotation speeds of 4000 rpm were required to
obtain the maximum current densities reported.

The DET reaction of BOD has also been observed at gold electrodes modified with 15
nm gold nanoparticles [86]. Similar to other high-surface area matrices, the kinetics
were found to be diffusion limited with rotational speeds of up to 4000 rpm being
required to produce a current density of ~ 5.2 mA.cm-2 at 0 V vs. Ag/AgCl. Although no
electrochemical peaks attributable to the T1, T2 or T3 copper clusters were observed at
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the electrodes, the onset of the reduction current was similar to that found on carbon
based electrodes indicating that the nanoparticles allowed DET of electrons to the T1
centre of the enzyme.

Although in the above case no current attributable to reduction of oxygen was observed
during background experiments conducted on traditional bare gold substrates, a report
of a BOD DET reaction at single crystal gold electrodes (both Au(111) and Au(100)),
functionalised with a self assembled monolayer (SAM) has been presented [87]. While
the current magnitudes reported were much smaller than those obtained using gold
nanoparticle based electrodes due to the lack of a nanostructured architecture,
interestingly the study highlighted the necessity of properly orientating the enzyme on
the electrode surface. The orientation with which the BOD adsorbs onto the SAMmodified electrodes was found to be one of the most important requirements for
ensuring the heterogeneous DET reaction, since the optimal orientation reduced the
required electron tunnelling distance to 17 (± 2) Å as shown in Figure 1.6. Although this
value seems to be quite high, the authors maintained that this distance was within the
reported physiological range for electron tunnelling determined by Page et al., despite
the latter authors reporting limiting values of 14 Å [88].
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Figure 1.6: Schematic illustration of the importance of correct enzyme orientation at the electrode surface
in order to enable DET reactions.

The authors of the latter report found that the orientation of the enzyme was dependant
upon the surface charge of the electrode, with a negatively charged electrode surface
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giving rise to a more suitably orientated enzyme. In light of the fact that BOD is
negatively charged at neutral pHs (pI = 4.2), this somewhat unintuitive result was
explained by the fact that although the overall charge of the protein is negative, the
orientation was more dependant upon the charge of the amino acid residues near the
active T1 centre.

With significant progress achieved to date with respect to immobilising enzymes onto
electrodes in order to maximise electrical contact, the lifetime of the enzymes
themselves has become a major factor limiting the long-term performance of these
electrode assemblies. Many factors contribute to the stability of biological species, and
providing a suitable environment for the enzyme is a challenge yet to be fully dealt with
in biofuel cell literature. Several techniques have been explored, including simple
spatial confinement of the enzyme in question as well as through the use of ionic liquids
as the electrolyte media [89].

1.8

Ionic Liquids

Investigation of ionic liquids (ILs) for use in a wide variety of applications has
increased dramatically over the last decade due to the unique properties of this class of
solvents. ILs are defined as molten salts that contain only ions at temperatures less than
100 °C, and possess several advantageous properties over conventional solvents
including low vapour pressure, high thermal stability and low flammability [90, 91].
The heightened interest in using ILs for catalysis is also due in part to the ability to tune
solvation properties, such as hydrophobicity, hydrophillicity and polarity through
judicious choice of the constituent cation and anion [92-94]. In addition, often these
types of liquids can be recycled continuously without the need for complex purification
and recovery procedures. These features have resulted in ionic liquids being labelled as
“green solvents” [95]. The above properties, combined with the wide electrochemical
windows typical of many IL’s, have made them attractive candidates for many synthetic
and catalytic processes with industrial applications [96-98].
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Enzymatic Catalysis in Ionic Liquids

Since the beginning of 2000, biocompatible ILs have received much attention in the
area of biochemistry due to their ability to solvate a wide variety of proteins and
enzymes including horseradish peroxidise (HRP) [99], cytochrome c (cyt-c) [100] and
GOx [101], with several reviews appearing over the last decade [95, 102-107]. Among
the initial reasons for such interest in utilising ILs as media for enzyme catalysis was the
added stability and improvement in lifetime that can be imparted to the enzyme when
compared to more typical, aqueous based, solvents [108, 109]. In more recent times
interest in these solvents for biocatalysis has grown due to the greatly improved
understanding of the media and the advent of new techniques which can be used to
successfully solubilise a wider range of biological species.

There are three main ways that the dissolution of enzymes in an ionic liquid can be
achieved. These are direct dispersion of the enzyme into the ionic liquid, polyethylene
glycol modification of the enzyme, and dilution of the IL with small amounts of enzyme
compatible solvent [102, 110-112]. Such techniques have enabled ionic liquid solutions
of enzymes to be produced, in which the latter retain their native conformations, and
have resulted in ILs being explored for a number of bio-applications. These include use
of ILs as media for protein storage and stabilisation, and as media in which to conduct
biocatalytic reactions.

Of the above dissolution techniques, the hydration of ILs with small amounts of water
has perhaps been the most effective method by which to solubilise proteins in their
native conformations. As a result it is perhaps the most widely adopted strategy in
recent times. Although the introduction of water into ILs has been shown to greatly
reduce their electrochemical potential windows, the upper and lower potential limits are
still generally much greater than what is required for many bio-applications [113].
While the chemical activity of the water remains low in hydrated IL solutions due to
strong association with the enzyme and ions in solution, such hydrated ILs are able to
provide the small amount of water needed by the protein for continued functionality
whilst still retaining the improved electrolyte properties of the ionic liquid.
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An early study on the effect of water on an enzyme’s reactivity in organic media found
that the properties of the organic solvent can significantly affect catalytic activity [114].
The investigation used the enzymes alcohol oxidase, polyphenol oxidase and alcohol
dehydrogenase, and showed that solvent polarity had a dramatic effect on enzyme
activity, with the more hydrophobic solvents requiring less water to attain maximal
activity than hydrophilic ones. This was attributed to the enzymes being able to strip
essential water more easily from hydrophobic solvents than from hydrophilic ones
which bind water molecules more tightly. It was also suggested that the thermal and
storage stability of enzymes is enhanced in organic solvents due to the structural rigidity
of the proteins in such solvents, which inhibits unfolding of native conformations [115].
Similar findings were reported by Baker et al., who examined the thermal inactivation
of the protein monellin in the hydrophobic IL 1-butyl-1-methylpyridinium
bis(trifluoromethanesulfonyl)imide ([C4mpy][Tf2N]) using fluorescence spectroscopy.
These workers demonstrated that the thermally induced unfolding of the protein was
inhibited by > 60 °C when the protein was in IL media compared to bulk H2O [116].
Although significant analysis of the complex interactions between ILs and
proteins/enzymes has been undertaken, no definitive basis for predicting the activity,
solubility and stability of enzymes in ionic liquids has been presented [117]. In general
enzyme stability and solubility follows the series presented by Hofmeister, shown in
Figure 1.7. However, this is not always the case when utilising ILs, and finding an
appropriate cation/anion combination can be largely a trial and error affair [118, 119].

Strongly Hydrated Anions

Weakly Hydrated Anions

F¯ > PO43- > SO42- > CH3COO- > Cl¯ > Br¯ > I¯ > SCN¯

Stabilising

Destabilising

NH4+ > K+ > Na+ > Cs+ > Li+ > Mg2+ > Ca2+ > Ba2+
Weakly Hydrated Cations

Strongly Hydrated Cations

Figure 1.7: The Hofmeister series illustrating the effect of different ions on protein stability [118].
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Glucose Oxidase in Ionic Liquid

Literature reports of GOx catalysis in ionic liquid media are surprisingly rare. To date,
the majority of such studies have involved the immobilisation of the protein in question
in an ionic liquid matrix rather than utilising the IL as the actual electrolyte. This most
likely arises from difficulties encountered when attempting to solubilise GOx, substrate
and redox mediator all in the one solution. In addition, the high viscosity sometimes
encountered with such media tends to result in less than impressive catalytic currents
due to hindered diffusion of the above components. Although the diffusional limitations
of the enzyme and mediator can be alleviated somewhat by their immobilisation onto an
electrode, diffusion of the enzyme’s substrate often remains a limiting factor in the
catalytic reaction.

One example of the few systems where an IL was used as the actual electrolyte is the
work carried out by Wu et al., utilising the IL 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim]BF4) [101]. In this study a significant amount of water was
present in order to both reduce the viscosity of the solution and solubilise the enzyme,
since the GOx formed a flocculant precipitate at higher IL concentrations. A maximum
IL content of only 20 % (v/v) was reported, with the current produced being found to
decrease rapidly with an increase in the IL content of the electrolyte. Significantly
though, the study showed that the ionic liquid did not have an effect on either the
conformation of the enzyme, or its substrate, glucose. Instead the decrease in current
observed was attributed to being a direct consequence of the increasing viscosity of the
electrolyte.

In addition to the above results, Imabayashi et al. found that the decrease in catalytic
activity of GOx at higher concentrations of [bmim]BF4 was not only caused by
decreased diffusion rates, but also by a deterioration in the electron transfer reaction
between the redox centre of the enzyme and the mediator [120]. The low IL
concentration used in this study arose from results showing the catalytic activity of GOx
in the IL depended heavily upon the enzyme being fully solubilised in the reaction
media. This condition was only met when the concentration of H2O in the electrolyte
was more than 70 % (w/w) [120]. Although the solubility of GOx was improved by
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modifying the enzyme with phenothiazine-labelled poly(ethylene oxide) (PT-PEO),
enzymatic activity was observed to decrease.

Rather than utilise ILs as an electrolyte, other research groups have instead utilised the
electrostatic interactions between ILs and other polar materials to form composite,
immobilising matrices for biological species. For example, SWCNTs modified with
poly(sodium 4-styrenesulfonate) have been used in conjunction with ILs to immobilise
GOx onto glassy carbon (GC) electrodes in order to assess the effect of the IL cation on
the activity of the enzyme [121]. This study employed imidazolium, pyridinium and
pyrrolidinium based ILs containing the tetrafluoroborate (BF4) anion, and showed that
the presence of the IL had a significant detrimental effect on the catalytic reaction as a
result of poor electron transfer from the enzyme cofactor. In contrast to the above
results, Chen et al. found that using [bmim]BF4 to immobilise GOx at a macroporous
gold electrode, rather than as an electrolyte, both enhanced the stability of the enzyme
and improved electron transfer between its redox centre and the electrode [122].

Other reports of utilising ILs as immobilisation matrices include that of Wu et al., who
investigated the direct electron transfer of GOx immobilised within a reconstituted
cellulose-carbon nanotube matrix, with a view to utilising the assembled electrode as a
biosensor [123]. Although the electrode showed good stability and enhanced biological
affinity, an oxidative catalytic current was not observed upon the introduction of
glucose into the electrolyte. Instead the ability of this system to act as a biosensor was a
result of the indirect reduction of oxygen at the electrode, with a decrease in the
reduction current occurring with increasing glucose concentrations.

1.8.3

Choline Dihydrogen Phosphate

Choline dihydrogen phosphate (ChDHP, Figure 1.8) is a solid at room temperature and
has a melting point of over 100 °C. It therefore cannot be truly classified as an ionic
liquid, falling instead into the category of a molten salt. Upon exposure to low levels of
water, ChDHP readily liquefies. Recently the crystal structure of the compound was
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determined by Fujita et al. [124]. The phosphate anion, according to the Hofmeister
series, is kosmotropic in nature meaning that it stabilises proteins in solution and
increases the structure of water [125]. The cation is more complex to define. Although
the hydroxyl group makes the choline both more hydrophilic and more kosmotropic,
recently the cation was described as chaotropic (protein de-stabilising; decreases the
structure of water) by leading authors in the field [103]. Currently however, there is no
literature data on the strict kosmotropicity or chaotropicity of the choline cation.

O
H3C
H3C

+

N

OH

CH3

O

-

P

OH

OH

Figure 1.8: Structure of choline dihydrogen phosphate.

ChDHP can be formed easily via the neutralisation reaction between choline hydroxide
and phosphoric acid, followed by dehydration under vacuum. Despite the ease of
synthesis, literature reports of this particular compound are not very common. To date
there does not appear to be any studies concerning the catalytic oxidation of glucose by
glucose oxidase performed in this electrolyte.

The biocompatibility of ChDHP as an 80 % (w/w) ChDHP/water solution has recently
been demonstrated by Vrikkis et al. utilising lysozyme. It was reported that both the
activity and stability of the protein was greater in the IL mixture compared to aqueous
buffer when evaluated over a one month period [126]. In addition, the catalytic activity
of cellobiose dehydrogenase was found to be retained for greater periods of time in
hydrated ChDHP containing 65 % (w/w) ChDHP/water [127].
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Biofuel Cell Technology: Review and Challenges

One of the main thrusts of biofuel cell research in the literature has been toward in vivo
applications. This includes utilising blood glucose to power devices that typically
require either bulky external power supplies (as in the case of the cochlear ear implant),
or batteries that require periodic replacement (such as cardiac pacemaker batteries).
Although original plans to power a cardiac pacemaker using a biofuel cell were quickly
determined to be unrealistic due to the large current density required by such a device,
substantial progress has recently been made. This may lead to the realisation of a cell
that is able to generate useful energy from body fluids in the near future [14].

As a direct result of the need to be implantable, many of the more successful enzymatic
electrodes and biofuel cell assemblies reported typically utilise electrodes that are
comprised of microscopic carbon fibres (typically 7 µm in diameter). Such fuel cells are
normally fabricated so that they are able to be operated in a non-compartmentalised
configuration in order to avoid the need to implant bulky separating membranes. The
more successful fuel cells employing these electrode materials utilise the redox
hydrogel mediated systems described previously. Mano has demonstrated the ability of
these systems to operate under typical blood glucose concentrations of 5 - 8 mM
utilising the enzymes GOx and laccase wired with (PVP-[Os(N,N′-dialkylated-2,2′-bisimidazole)3]2+/3+ and PVP-[Os(dme-bpy)2(amino-dme-bpy)]2+/3+, respectively [128].
The cell was able to produce 280 µW.cm-2 using only a 5 mM concentration of glucose,
and up to 398 µW.cm-2 at a working potential of 0.88 V using a slightly higher glucose
concentration of 12 mM. Similar results were reported using GOx and BOD wired to
carbon fibre microelectrodes using (PVP-[Os(N,N′-dialkylated-2,2′-bis-imidazole)3]2+/3+
and (PAA-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]+/2+, respectively [129]. In this case
the cell was able to operate under physiological conditions (20 mM phosphate buffer,
pH 7.24 containing 0.14 M NaCl) at a low glucose concentration of 15 mM, yet was
still able to produce 315 µW.cm-2 at 0.45 V. The lower power density and operating
voltage in this case was due to the lower redox potential of the BOD and corresponding
redox hydrogel when compared to the laccase based system. This study also highlighted
the improved cell performance that can be achieved using purified enzymes rather than
commercial “used as received” products.
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DET based carbon fibre electrodes have also been reported in the literature, with
Xianchan Li et al. reporting on a non-compartmentalised cell utilising the enzymes
glucose dehydrogenase and laccase [130]. The carbon fibre electrodes in this case were
modified with a methylene green / SWCNT composite which enabled the DET reaction
of laccase at the cathode. While the power density of the cell (58 µW.cm-2 at 0.4 V) was
lower than that reported for the previously mentioned cells based on redox polymer
modified electrodes, the electrode assembly negated the need for expensive osmium
based hydrogels. The working cell assembly used was able to operate continuously over
48 hours with a 1 MΩ load and still retained 50 % of its initial power output.

An interesting point to note in the above biofuel cell assemblies is that although the
electrodes themselves are only micrometers in diameter, the obtained currents and
power densities are quoted in terms of units per cm2. Although this produces a result
which allows for comparison with other literature results, often the calculation entails a
significant multiplication factor that gives no clear indication of the actual current
flowing through the cell. The matter is further complicated in that it is often difficult to
determine accurately the real and apparent surface area of assembled devices, with the
error in determining the quoted value rarely taken into account when normalisation of
the performance characteristics of the cell are calculated. Practically, scaling-up of
microfibre electrode assemblies in order to obtain useful power outputs for other
applications is often not possible since the unique electrode kinetics of micron sized
electrodes are lost when moving to the macro domain. Thus, the elimination of
diffusional limitations in microfibre based systems that are often the cause of low power
outputs in larger assemblies are not carried over when scaling up.

Larger, individual enzymatic biofuel cell electrodes involving both MET and DET
reactions, such as the examples described in the preceding sections, are often primarily
investigated for biosensing applications with their use as a component of a working fuel
cell being a secondary objective. As a result, literature reports of enzymatic electrodes
are generally more focused upon the enzyme kinetics and chemistry of the electron
transfer reactions occurring at the electrode surface, rather than reporting the
information that is required for evaluation of an electrode as a working fuel cell
component. This is especially apparent in electrodes utilising DET reactions with GOx,
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where the electrochemical response is used for biosensing rather than power generation
since a catalytic glucose oxidative response is rarely, if ever, observed in such systems
[55, 60, 61].

Often the significant amount of substrate consumed at the surface of larger electrodes
results in a situation where the current density quickly becomes diffusion limited. In
these cases, the electrode is often characterized using a rotating electrode assembly or a
flow-through cell configuration in order to eliminate mass transport effects. However,
adoption of rotating or flow-though-cell assemblies in a biofuel cell are not realistic
since the energy expended rotating the electrode or pumping the electrolyte is likely to
be a significant proportion of, or even greater than, the actual power produced by the
cell during operation. This is evident in a recent report by Zebda et al., who fabricated a
miniturised microfluidic fuel cell utilising GOx and laccase. The cell delivered a
substantial power output of 110 µW.cm-2 at a potential of 0.3 V despite both enzymes
being in solution. However, the cell was operated in a flow-through configuration
utilising a pump that required an estimated 76 % of the produced power to provide a
flow rate of 1 mL.min-1 [131].

If biofuel cell devices are to become viable alternatives for large scale power
production, electrodes that are able to produce substantial current densities that are not
reliant upon kinetics specific to micro sized electrodes are required. Such an electrode
could be envisaged to possess both: (a) a nanostructured surface architecture that allows
for DET reactions and/or a high surface area matrix for MET based reactions, and (b) a
high surface area supporting platform that allows for unimpeded diffusion of fuel
substrate to the electrode surface. Literature reports are beginning to emerge that
provide evidence that such electrode assemblies can be produced [132, 133].

A common method to produce larger electrodes is to modify “standard” disk electrodes
with nanostructured materials. For example, modification of spectrographic graphite
electrodes (7 mm in diameter) with a MWCNT/ionic liquid composite gel allowed
production of a GOx/laccase biofuel cell capable of delivering 27.6 µW.cm-2 of power
utilising grape juice as the fuel source [134]. Likewise, modification of 3 mm diameter
glassy carbon (GC) disk electrodes with SWCNTs was used to produce a GDH/BOD
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fuel cell capable of delivering power outputs of 53.9 µW.cm-2 at 0.5 V [135]. In this
case the anode was also modified with a poly-brilliant cresyl blue film and required the
use of a redox mediator. The cathode on the other hand utilised the nanostructure of the
SWCNTs to intimately connect the BOD redox centres to the electrode enabling a DET
mechanism. More recently modification of 3 mm disk electrodes with SWCNTs and the
dye Nile Blue has been used to produce an anode in a biofuel cell capable of producing
200 µW.cm-2 [136]. In this case the enzyme alcohol dehydrogenase was attached to the
modified electrode via a phenyl boronic acid ligand which prevented it from diffusing
away into the bulk electrolyte.

Although larger than the previously described carbon fibre microelectrodes, use of 3
mm disk electrodes in biofuel cell studies also presents problems when trying to provide
greater power densities. This is because while they can be useful for initial
characterisation studies, they are not really conducive to the investigation of larger scale
electrodes. Often the scaling up of such electrodes is not practical, and over-estimations
of the performance of an assembled electrode are inadvertently reported. In addition,
electrode preparation procedures in these instances often entail the use of drop casting
methods to produce a matrix upon which the enzymes are immobilised. Such electrode
assemblies are often difficult to manufacture reproducibly or replicate in other
laboratories due to the inherent nature of the drop casting method. These problems are
compounded when the material to be cast has to be synthesised in the laboratory (e.g.
nanoparticles) or when commercially available electrode materials differ from batch to
batch (e.g. commercially purchased carbon nanotubes). An interesting study was
conducted by Svoboda et al., who examined the reproducibility of results obtained
using a standardised electrochemical cell when operated by several different
laboratories [137]. Even though the test system used relatively uncomplicated reactions
and electrode platforms, the authors noted that minor experimental variations could
cause discrepancies between results obtained at various laboratories.

Such results

indicate the difficulty in obtaining identical results across several laboratories for a
relatively simple reaction using identical equipment and cell configurations, a problem
that would be compounded with more complicated electrode platforms and reactions.

Larger enzymatic electrode assemblies have begun to be reported in the literature with
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several papers describing biofuel cells constructed with 1 cm2 electrodes. These types of
cells typically employ 1 cm2 pieces of carbon based material (Toray paper or sheets of
carbon fibre) as electrodes on which to immobilise the enzymatic species. An early
report from 2007 described a biofuel cell with an open circuit voltage (Voc) of 1.1 V that
produced a power density of 870 µW.cm-2 [133]. The cell utilised alcohol
dehydrogenase (ADH) and BOD as the anodic and cathodic enzymes, respectively, with
the BOD entrapped within a modified Nafion membrane being able to undergo DET
reactions with the electrode. A more recent report has described a 1 cm2 MET based
anode utilising three enzymes (alcohol dehydrogenase, aldehyde dehydrogenase and
oxalate oxidase) to completely oxidise glycerol. This “enzymatic cascade” anode,
coupled with a platinum based oxygen reduction catalyst, produced a biofuel cell
capable of providing 1.32 mW.cm-2 of power at a potential of 0.3 V [138].

While scaling up of the electrode surface area is one way to increase the total current
produced by the cell, connecting multiple cells either in parallel or series can also be an
effective way to increase the cell potential or current density. Greater currents are
delivered by connecting all the anodes and connecting all the cathodes of multiple cells
together. Similarly, connecting the cells in series with each other with the anode of one
cell connected to the cathode of the next and so on results in a greater overall cell
potential. Recently, researchers have demonstrated that this simple electrical circuit
design can result in a glucose fuel cell able to power a small remote controlled car
[132]. Initial fuel cells were assembled with 1 cm2 pieces of carbon fibre paper that
were able to produce power densities of 1.45 ± 0.24 mW.cm-2 at 0.3 V (Voc was 0.8 V,
short circuit current was 11 mA.cm-2). The group then scaled up their electrode
assembly using pieces of carbon fibre paper measuring 3 cm x 5.5 cm, and placed
several cell stacks both in series and parallel in order to produce a combined cell
capable of delivering 100 mW.cm-3.

Such reports provide clear evidence of ongoing improvements in enzymatic fuel cell
design and prospects for their commercialisation. Several review articles are available in
the literature, with a particularly comprehensive review relating to biofuel cells and
their development from 1994 to 2006 being provided by Bullen et al. [139]. A summary
of reported enzymatic biofuel cells in the literature from 2007 to the present day is
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given in Table 1.1.

1.10 :

Thesis Aims

Obvious scope for improving the performance of biofuel cells exists. Such
improvements are likely to involve the advent of new electrode platforms that are able
to both support, and effectively utilise, a large amount of catalytic reactions at their
surfaces, thereby improving the current densities able to be obtained. Similarly,
increasing the operating potential of such devices is vital for improving the power
output. In this case, potential losses can be achieved by eliminating the complicated
reaction pathways associated with mediated electron transfer by directly connecting the
redox centres of enzymes with an electrode substrate. In addition, major improvements
in the lifetimes and stability of the enzymes used for catalysis are required in order to
produce fuel cells that are commercially competitive with more conventional, inorganic
devices.

The main objectives of this thesis were thus as follows:

1) To examine the use of a new carbon based material (NanoWeb) that possesses a
unique hierarchical architecture combining nanostructured surface features with
a macro-porous underlying scaffold for use as a high surface area biofuel cell
electrode material.

2) To explore the ability of the nanostructured surface of the NanoWeb to directly
interact with the redox groups embedded in both glucose oxidase and bilirubin
oxidase, thereby negating the need for redox mediated reactions.

3) To investigate the use of a biocompatible ionic liquid as an electrolyte in which
to conduct glucose oxidase based catalysis.
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Table 1.1: Summary of selected operational biofuel cell assemblies reported in the literature from 2007 to the present day.

System

Biocatalysts

(anode/cathode)

(anode/cathode)

MET anode /
MET cathode

MET anode /
DET cathode

MET anode /
DET cathode

MET anode /
DET cathode

Electrodes

Electrolyte

GOx / laccase

Spectrographic graphite electrodes
(7.0 mm in diameter) modified with
MWCNT and ionic liquid ([bmim]PF6)
composite gel. Electroactive surface area
0.41 cm2 each.

Air saturated acetic
acid (pH 5.86).
Anolyte is saturated
with FcCOOH*.
Catholyte contains
1 mM ABTS*.

GDH / BOD

Anode and cathode assembled on 3 mm
diameter GC disk electrodes. Anode:
polybrilliant cresyl blue on SWCNTs.
Enzyme immobilised with BSA* and
crosslinked using glutaraldehyde.
Cathode: glutaraldehyde crosslinked BODBSA on SWCNTs.

O2 saturated 0.1 M
phosphate buffer
containing 10 mM
NAD+ and 40 mM
glucose.

GOx / laccase

Lipid (L-α-phosphatidylcholine) modified
MWCNTs.

Anolyte: pH 6
phosphate buffer
containing 15 mM
glucose and 2 mM
FcCOOH.
Catholyte: O2
purged pH 6
phosphate buffer.

ADH / BOD

1 x 1cm2 piece of carbon paper used for
electrodes. Anode modified with
polymethylene green and loaded with
ADH/modified Nafion/NAD+ solution.
Cathode loaded with BOD in modified
Nafion.

pH 8 phosphate
buffer containing
1 mM ethanol and
1 mM NAD+.

VOC

Power
Density

Comments

Reference

10
(improved to
27.6 using
grape juice)

Compartmentalised using
Nafion membrane.

Ying Liu et
al. (2007)
[140]

0.73

53.9 (at 0.5
V)

Dropped to 46 % after 7
days when discharged
continuously with 1 MΩ
resistance. Performance
limited by cathode.

Feng Gao et
al. (2007)
[135]

0.45

3.2 (at 0.2 V.
Short circuit
current is 34
µA.cm-2)

Compartmentalised using
Nafion membrane.

Yan Yiming
et al. (2007)
[141]

870

Membrane-less fuel cell
with DET cathode values
quoted.

Rodica
Duma et al.
(2007)
[133]

(V)

0.2

1.1

(µW.cm-2)
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Table 1.1: Summary of selected operational biofuel cell assemblies reported in the literature from 2007 to the present day.

System

Biocatalysts

(anode/cathode)

(anode/cathode)

MET anode /
DET cathode

MET anode /
MET cathode

MET anode /
MET cathode

DET anode /
DET cathode

GDH / laccase

GOx / BOD

GOx / laccase

GOx / laccase

Electrodes
Anode and cathode are methylene
green/SWCNT composite on
carbon fibres (7 µm diameter, 1.5
mm in length (perhaps 1.5 cm?).
Anode: carbon cylinder (1.4 cm
internal diameter) with GOx and
8-hydroxyquinoline-5-sulfonic
acid (HQS) immobilised using a
polypyrrole layer. Enzyme
crosslinked with glutaraldehyde.
Cathode: carbon cylinder (1 cm
external diameter) with BOD and
ABTS immobilised using a
polypyrrole layer.

Electrolyte
pH 6, air saturated 0.1 M
phosphate buffer with 10
mM NAD+, 45 mM
glucose.

pH 7.4 phosphate buffer
containing 10 mM
glucose. O2 saturated
buffer flowed through
centre (cathode) tube.

Anode and Cathode are carbon
fibres; 7µm diameter, 2 cm in
length. Anode contains (PVP[Os(N,N′-dialkylated -2,2′-bisimidazole)3] 2+/3+ and GOx.
Cathode contains PVP-[Os(dmebpy)2(amino-dme-bpy)]2+/3+ and
laccase.

pH 5, air saturated 20
mM citrate buffer
containing 12 mM
glucose.

SWCNTs on porous silicon.

pH 7 phosphate buffer
containing 4 mM glucose
under air.

VOC

Power
Density

Comments

Reference

58 (at 0.4 V)

Non-compartmentalised.
Cell operated
continuously with loading of
1 MΩ resistance. Lost
50 % of original power after
48 h continuous work.

Xianchan Li
et al. (2008)
[130]

N/A

42 (at 0.3 V)

Results obtained at 37 °C in
unique cell configuration
comprised of two cylinders
of carbon. After 3 h of
operation cell retains 94% of
its initial power density.

Habrioux et
al. (2008)
[142]

N/A

398 (at 0.88
V)

Cell was able to produce
280 µW.cm-2 using only 5
mM glucose. Experiments
conducted at 37 °C.

Mano (2008)
[128]

1.38 (at 0.
99 V)

Completely DET based cell
with low fuel concentration.
Power density values
acquired using an external
load of 7 kΩ.

Wang et al.
(2009) [143]

(V)

0.7

N/A

(µW.cm-2)
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Table 1.1: Summary of selected operational biofuel cell assemblies reported in the literature from 2007 to the present day.

System

Biocatalysts

(anode/cathode)

(anode/cathode)

MET anode /
DETcathode

MET anode /
MET cathode

ADH / BOD

GOx / BOD

Electrodes

Electrolyte

VOC
(V)

Power
Density

Metal DET
anode / MET
cathode

Reference

(µW.cm )

Anode: ADH attached by phenyl
boronic acid ligand onto SWCNTs
functionalised with Nile Blue, NAD+
(assembly on 3 mm GC disk).
Cathode : Thioaniline modified Pt
nanoparticles on Pt wire.

0.1 M phosphate buffer,
pH 7 containing 40 mM
ethanol.

0.62

200

BOD was electrically
contacted to the cathode.

Yi-Ming et
al. (2009)
[136]

Alumina plates covered with a
copolymer of 3-methylthiophene and
thiophene-3-acetic acid.

Anolyte: 0.1 M
phosphate buffer, pH 7
containing 0.1 M
glucose and 1 mM
N′N′N′′N′′-tetramethylp-phenylenediamine.
Catholyte: 0.1 M
phosphate buffer with
1mM ABTS, O2 purged.

0.61

150 (at 0.35
V)

Compartmentalised using
Nafion membrane. 0.54
mAcm-2 short circuit current.

Kuwahara et
al. (2009)
[144]

Sakai et al.
(2009) [132]

Habrioux et
al. (2009)
[145]

GDH / BOD

Electrodes were 1 x 1 cm sheets of
carbon fibre. Anode was comprised of
GDH, diaphorase, NADH, poly-Llysine, polyacrylic acid and 2-methyl1,4-napthoquinone. Cathode was BOD
with K3[Fe(CN)6] and poly-L-lysine.

1.0 M phosphate
buffered saline solution
containing 400 mM
glucose.

0.8

1450 (at 0.3
V)

Results reported are for 4
sheets of carbon fibre for the
anode and two for the
cathode. Short circuit current
= 11 mA.cm-2. A cell stack
was able to power a small
remote controlled car. Power
density of stack = 100
mW/80 cm3.

Metal Catalysed
/ BOD

Anode: Au70Pt30 nanoparticles with
Vulcan XC-72R on a carbon tube
electrode. Cathode : BOD and ABTS
on Vulcan XC-72R in a Nafion matrix
on a carbon tube electrode. Both
covered with polypyrrole.

pH 7.4 phosphate buffer
containing 10 mM
glucose. O2 saturated
buffer flowed through
centre (cathode) tube.

0.68

190 (at 0.52
V)

Identical cell setup to their
earlier 2008 report (see ref
121). No enzyme on anode.

2

MET anode /
MET cathode

Comments

-2
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Table 1.1: Summary of selected operational biofuel cell assemblies reported in the literature from 2007 to the present day.

System

Biocatalysts

(anode/cathode)

(anode/cathode)

DET anode /
Metal DET
cathode

MET anode /
MET cathode

MET anode /
MET cathode

Electrodes

Electrolyte

Anode: 1 x 1cm2 piece of Toray
carbon paper with MWCNTs.
Electrode contains 3 enzymes;
alcohol dehydrogenase,
aldehyde dehydrogenase and
oxalate oxidase in a modified
Nafion matrix.
Cathode: 4 x 4cm2 of ELAT
with 20% Pt on Vulcan XC-72
hot pressed onto Nafion
membrane.

pH 7.15 phosphate
buffer, 100 mM glycerol
with 6 M NaNO3.

GOx / Laccase

Gold electrodes with planar
active area of 0.05 cm2.

Anolyte: 0.5 mg/mL
GOx, 10 mM Fe(CN)63,
10 mM glucose in 0.2 M
phosphate buffer pH 7,
under N2. Catholyte: 0.5
mg/mL laccase + 5 mM
ABTS in 0.2 M
phosphate buffer, pH 3,
O2 saturated.

GOx / BOD

Anode and Cathode are carbon
fibres; 7µm diameter, 2 cm in
length. Anode contains (PVP[Os(N,N′-dialkylated -2,2′-bisimidazole)3] 2+/3+ and GOx.
Cathode contains (PAA-PVI[Os(4,4′-dichloro-2,2′bipyridine)2Cl]+/2+ and BOD.

20 mM phosphate buffer,
pH 7.24 conotaining
0.14 M NaCl and 15 mM
glucose.

Alcohol
dehydrogenase,
aldehyde
dehydrogenase,
oxalate oxidase /
metal catalysed

Power
Density
(µW.cm-2)

Comments

Reference

1320 (at ~ 0.6
V, estimated
from presented
results)

3 enzyme cascade anode
capable of completely
oxidising the glycerol fuel.
No enzyme on cathode.

Arechederra
et al. (2009)
[138]

0.55

110 (at 0.3 V)

Miniturised microfluidic fuel
cell. All species in solution.
Results obtained at flow rate
of 1 mL.min-1. This flow rate
requires 76 % of the power
output.

Zebda et al.
(2009) [131]

N/A

315 (at 0.45
V)

Report highlights the
improved cell performance
produced when purified
enzymes are used.

Feng Gao et
al. (2009)
[129]

VOC
(V)

N/A
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Table 1.1: Summary of selected operational biofuel cell assemblies reported in the literature from 2007 to the present day.

System

Biocatalysts

(anode/cathode)

(anode/cathode)

DET anode /
DET cathode

DET anode /
Metal cathode

MET anode /
MET cathode

MET anode /
Metal cathode

Electrodes

Electrolyte

Cellobiose
dehydrogenase
(CDH)/BOD

Rods of spectrographic graphite 3.05
mm in diameter with adsorbed enzyme.
Anode 72 µg CDH,
Cathode: 100 µg BOD.

Either pH 7.4 PBS
containing 5 mM
glucose or human
serum.

GOx/ Metal
catalysed

Anode: GC disk modified with ordered
mesoporous carbon containing polyvinyl
alcohol (PVA). Modified with Nafion
immobilised GOx. Cathode: platinum
wire (2 mm diameter).

Analyte: pH 7, 0.1 M
PBS containing 10 mM
glucose. Catholyte: 0.1
M PBS, pH 1.0
adjusted with sulphuric
acid.

GOx / BOD

GDH / Metal
catalysed

Gold electrodes with a silica sol-gel
immobilising matrix containing
polyethylene glycol, graphene and either
GOx (anode) or BOD (cathode). The
mediator was ferrocenemethanol and
ABTS for the anode and cathode,
respectively.
Modified GC disks. Anode: single wall
carbon “nanohorns” with polymerised
methylene blue and glucose
dehydrogenase. Cathode: platinum
nanoparticles on titanium dioxide
colloidal spheres.

25 mL of air saturated
PBS containing 100
mM glucose.

PBS at pH 7.0
containing 30 mM
glucose and 10 mM
NAD+ maintained at 37
°C.

VOC

Power
Density

Comments

Reference

Completely DET based
biofuel cell. Operating
temperature is unclear.

Coman et
al. (2009)
[146]

110 (at 0.72
V)

Unique mesoporous carbon
electrodes made by
impregnating a silica
template with PVA and
glucose followed by
carbonisation using
microwave irradiation.

Guo et al.
(2009)
[147]

0.58

24.3

Membraneless biofuel cell
was able to be constructed
since the respective
mediators were entrapped in
silica sol-gel matrix

Liu et al.
(2010)
[148]

0.43

10.7 (at 0.28
V).

One-compartment biofuel
cell. Operation of the device
was carried out at a
temperature of 37 °C.

Wen et al.
(2010)
[149]

(V)
0.62 in
PBS,
0.58 in
serum

1.2

-2

(µW.cm )
3 at 0.37 V
in PBS, 4 at
0.19 V in
serum
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Table 1.1: Summary of selected operational biofuel cell assemblies reported in the literature from 2007 to the present day.

System

Biocatalysts

(anode/cathode)

(anode/cathode)

MET anode / MET
cathode

MET anode / MET
cathode

Electrodes

Electrolyte

GOx / laccase

Pressed graphite disks 13 mm in
diameter, 2 mm thick. Anode
contains graphite, ferrocene and
GOx coated with BSA and
glutaraldehyde. Cathode contains
graphite, ABTS and laccase and is
coated with Nafion.

30 mL of 0.1 M PBS at
pH 6.0 containing 50
mM glucose and
saturated with air.

GOx / laccase

Both electrodes are 1 mm
diameter GC rods. Anode:
Polypyrrole with ferrocenium
hexafluorophoshate and
pyrroloquinoline quinone.
Cathode: Polypyrrole with bis(bipyridine)-(5-aminophenanthroline) ruthenium bis
(hexafluorophosphate) and 4,4sulfonyldiphenol.

pH 7.4 phosphate
buffer containing 10
mM glucose or human
serum. Electrolytes
maintained at 37 °C.

VOC

Power
Density

Comments

Reference

0.63

23 (at 0.33 V).
Short circuit
current is 166
µA.cm-2)

Electrodes were prepared by
compressing either GOx or
laccase with graphite
particles and mediator to
form disk electrodes.

Cosnier et
al. (2010)
[150]

N/A

310 (at 0.28
V) in buffer,
160 (at 0.21
V) in human
serum.

Electrodes were constructed
by electrochemical
deposition from a low ionic
conductivity electrolyte at a
potential of 4 V. Biofuel cell
was characterised at 37 °C.

Ammam et
al. (2010)
[151]

(V)

(µW.cm-2)
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Introduction

General details concerning the materials, characterisation techniques and theories used
throughout this thesis are described in this chapter. More specific information pertaining
to individual procedures used is given in the experimental section of the relevant
chapters.

2.2

Reagents

2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) diammonium salt (ABTS, 98%),
was obtained from Sigma-Aldrich. Both potassium ferrocyanide (K4Fe(CN)6) and
potassium ferricyanide (K3Fe(CN)6) were purchased from AJAX Fine Chemicals. β-Dglucose and D-(+)-glucose (99.5%) were purchased from Sigma-Aldrich as were
disodium hydrogen phosphate heptahydrate (Na2HPO4.7H2O), sodium dihydrogen
phosphate monohydrate (NaH2PO4.H2O) and phosphate buffered saline tablets (0.1 M)
used to make buffer solutions. All aqueous solutions were prepared using deionised
MilliQ water (> 18 MΩ.cm-1). HiPCO single-wall carbon nanotubes (SWCNT; 4 % Fe
catalyst (batch no. P0341)) were purchased from CNT Nanotechnology, Rice University
(Houston, USA).

Flavin adenine dinucleotide disodium salt hydrate (FAD), glucose oxidase (GOx) (Type
II) from aspergillus niger, bilirubin oxidase (BOD) from myrothecium verrucaria and
horseradish peroxidase (HRP) (Type II) were obtained from Sigma-Aldrich and used
without further purification unless otherwise stated.

2.3
2.3.1

Characterisation Techniques
Electrochemical Characterisation

The majority of electrochemical characterisation experiments were conducted using a
Princeton Applied Research Model 363 Potentiostat/Galvanostat and Model 401 ECorder connected to a Dell GX 270 PC running AD Instruments software (EChem v
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2.0.7 and Chart v 5.0.2) unless otherwise stated. A three electrode cell was employed as
shown in Figure 2.1 utilising a platinum (Pt) mesh (2 cm x 2 cm) auxiliary electrode,
and a Ag/AgCl reference electrode with a salt bridge containing 3 M NaCl. The
working electrode was either a glassy carbon disk electrode (3 mm diameter, BASi),
glassy carbon plate of dimensions 1 cm x 1 cm x 0.2 cm (HTW, HochtemperaturWerkstoffe GmbH) or a piece of reticulated vitreous carbon (RVC) (Duocel RVC, ERG
Materials and Aerospace Corporation) as outlined in the relevant sections. Experiments
were conducted in an electrolyte comprised of deaerated 0.1 M PBS unless stated
otherwise.

Ag/AgCl reference electrode
with 3 M NaCl salt bridge.

Working electrode - in
this case a piece of
RVC attached to a
modified alligator clip.

2 cm x 2 cm Pt mesh
auxiliary electrode.

Glass electrochemical cell.

Figure 2.1: Schematic of the cell setup used for electrochemical experiments.

2.3.2

Scanning Electron Microscopy

A JEOL JSM 7500FA cold-field-gun (CFG-SEM) field emission scanning electron
microscope (FE-SEM) from JEOL Ltd, Japan, was used to examine the electrode
materials prepared throughout this thesis. Samples were mounted on a stage using
adhesive carbon tape and a drop of conductive silver paint in order to ensure that the
material did not become overly charged whilst being imaged.
55

Chapter 2

2.3.3

General Experimental

Raman Spectroscopy

Raman spectra of the NanoWeb material were measured using a Jobin Yvon Horiba
HR800 Raman spectrometer using LabSpec software. The spectra were produced using
a 632.8 nm laser on a 1800 lines.mm-1 grating at room temperature with the peaks
obtained being analysed using a Gaussian fitting procedure. The intensity of the Raman
spectra were recorded in arbitrary units, denoted as “a.u.”.

2.3.4

UV-Visible Spectroscopy

A Shimadzu 1601 UV-Visible spectrophotometer was used to obtain all UV-Visible
spectra. Quartz cuvettes of 1 cm path length were used in all studies.

2.3.5

Fourier Transform Voltammetry

Fourier transform alternating current voltammetry (FTACV) experiments were
conducted using a custom built FTACV instrument obtained from Prof. Alan Bond’s
research group at Monash University, Melbourne. Details of the instrument and its
operation can be obtained from [1]. A three electrode setup was used for all experiments
as described in section 2.3.1. Experiments were conducted at either laboratory
temperature, 23 °C (± 2 °C) or at 37 °C (± 2 °C). The latter temperature was provided
by a Heidolph MR Hei-Standard hotplate combined with an EKT Hei-Con temperature
unit with stainless steel temperature sensor.

2.3.6

Contact Angle Measurements

A DataPhysics OCA20 goniometer utilising SCA21 software was used for all contact
angle measurements which were performed in air under ambient laboratory conditions.
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The contact angle of at least five 2 µL droplets of water were measured in different
positions on any one sample with the final result quoted being the mean value
plus/minus one standard deviation.

2.3.7

Plasma Treatment

Plasma treatment of electrode materials was carried out with a radio-frequencygenerated plasma under vacuum using a Harrick Plasma system (model PDC-002)
combined with a XDS-10 dry vacuum pump (BOC-Edwards). The gas used was either
air or high purity oxygen as described in each relevant section.

2.4

Electrode Cleaning and Preparation

Thin sheets of RVC between 2.5 cm and 3.0 cm in length, approximately 1.5 cm in
width and between 2 - 3 mm in thickness, were cleaned by placing them in 35 % nitric
acid for 60 minutes at a temperature of 60 °C. The RVC was then washed with copious
distilled water to remove residual acid before being dried and stored in an oven
maintained at 100 °C.

Tungsten sheet (3N8 purity, Goodfellow) measuring 2.5 x 2.5 x 0.1 cm was washed and
then sonicated in acetone for 30 minutes before being dried in air.

Glassy carbon (GC) disk and GC plate electrodes were polished sequentially with 1.0,
0.3 and 0.05 µm alumina powder on a polishing cloth before being sonicated for 10
minutes in MilliQ water to remove excess alumina from the electrode surface. The
electrodes were then carefully dried using Kimwipe laboratory tissue prior to use.
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SWCNT and Graphene Modified Electrodes

Polished GC disk electrodes were modified with SWCNTs and chemically converted
graphene (CCG) via a drop casting method. 1 mg.mL-1 dispersions of SWCNTs in DMF
were prepared via sonication while chemically converted graphene (CCG) was received
from Dr Sanjeev Gambhir (IPRI, Wollongong University) as a 0.5 mg.mL-1 dispersion
in DMF. The modified GC electrodes were prepared by drop casting 3 µL (3 x 1 µL
aliquots) of a dispersion of the respective material on the electrode and then evaporating
the solvent either by application of heat or vacuum. All electrodes were washed with
distilled water prior to use.

2.4.2

Catalyst Deposition and NanoWeb Growth

The high surface area, NanoWeb material was grown using a chemical vapour
deposition process (CVD). The growth was accomplished on a variety of substrates
including glassy carbon (GC), reticulated vitreous carbon (45 pores per inch) and
tungsten by first coating the substrate with a thin layer of catalyst solution. This solution
was comprised of 10 % (w/w) iron(III) para-toluenesulfonate (Baytron) in ethanol. The
tungsten and GC sheets each had the catalyst solution spin coated onto them at a speed
of 1500 rpm using a commercially available spin-coater (Laurell Tech). The solvent was
immediately evaporated off on a hotplate (60 °C) in order to avoid crystallisation of the
iron(III) salt. The substrates were then stored in a 100 °C oven. RVC substrates were
immersed in the 10 % (w/w) iron(III) para-toluenesulfonate catalyst solution before
being removed, briefly shaken and then allowed to rest on Kimwipe laboratory tissue
until the excess oxidant had drained from the electrode. With lower porosity RVC, it
was sometimes necessary to blow nitrogen gas through its structure in order to remove
excess solution. The solvent was then removed using a 100 °C hotplate with the
modified RVC being stored in a 100 °C oven. Chemical vapour deposition (CVD) was
used to grow the NanoWeb material on the iron(III) para-toluenesulfonate modified
substrates using a commercially available Thermal CVD System (Atomate) which
provided computer control over the growth conditions. The growth was accomplished
by applying a temperature gradient to the substrates while under a controlled gas flow
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as described in reference [2]. Briefly, the system was first flushed with argon (200
mL.min–1) for 30 minutes. Following this, the temperature of the furnace was increased
to 600 °C whilst a mixture of argon (150 mL.min–1) and hydrogen (20 mL.min–1) were
passed through the furnace. Upon reaching 600 °C, this temperature was maintained for
10 minutes which resulted in the reduction of iron(III) to iron nanoparticles. The growth
of the NanoWeb layer was then initiated by ramping the temperature up to 800 °C at
which point acetylene gas (10 mL.min–1) was passed through the furnace whilst
maintaining a constant flow of argon (200 mL.min–1) and hydrogen (3 mL.min–1). The
NanoWeb growth process was completed after 30 minutes at which point the furnace,
acetylene and hydrogen were turned off and the system flushed continuously with argon
(150 mL.min–1) until the temperature was less than 100 °C.

In order to effectively evaluate the electrochemical properties of the prepared NanoWeb
material, it was important that reproducible surface areas and electrochemical setups
were used throughout. To this end, the NanoWeb material was initially characterised on
glassy carbon plates measuring 1.0 x 1.0 x 0.2 cm. To hold the electrode substrate in
place and to eliminate the redox response of the edges and non-NanoWeb covered
surfaces, an electrode holder was moulded from polydimethylsiloxane (PDMS) as
shown diagrammatically in Figure 2.2. The holder was fashioned so that the electrode
surface was flush with the surface area of the mould and was electrically connected via
a platinum (Pt) sheet and wire through the back. A drop of conducting carbon adhesive
was added to ensure electrical connection between the elements. The assembly was
produced with the aid of a vacuum applied through a hole at the back of the mould so
that suction pulled the NanoWeb modified GC plate into the cavity and unnecessary
handling of the NanoWeb surface was avoided. The prepared assembly was then dried
on a hotplate for a minimum of three hours before being exposed to an oxygen plasma.
Treatment of the entire electrode assembly was necessary so that the PDMS mould was
also rendered hydrophilic and did not cause unwanted air bubbles to be formed on the
underside of the holder upon immersion in an electrolyte. The resulting electrode
contacts, when measured with a multimeter, produced only minimal resistance (< 1 Ω)
within the setup and were therefore not expected to interfere greatly with
electrochemical characterisation.
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Carbon glue used to
ensure electrical
connection
between GC plate
and Pt plate

Pt wire
connected to Pt
plate

NanoWeb
deposited onto a 1
cm x 1 cm GC
plate

PDMA Mould

(a)

(b)

(c)

(d)

Figure 2.2: (a) Schematic of electrode assembly used for characterisation experiments; (b) Electrode as
viewed from the front. The groove at the bottom of the mould was constructed so as to allow the
reference electrode used in experiments to be positioned close to the electrode surface. (c) The back of the
electrode holder showing the platinum connection through the mould. (d) The holder shown from side on
illustrating the GC substrate being recessed into the mould so as to avoid exposure of any non-NanoWeb
modified electrode.

2.5

Glucose Oxidase Activity

The activity of all GOx used throughout this work was determined using the method
outlined by Courjean et al. and is summarised in Figure 2.3 [3]. Briefly, GOx catalyses
the oxidation of glucose to gluconolactone, after which the reduced enzyme is converted
back to the oxidised form by transferring two electrons and two protons to molecular
oxygen, generating hydrogen peroxide. The hydrogen peroxide produced is then
catalytically reduced by horseradish peroxidase (HRP), in a reaction which is coupled to
the oxidation of the chromophore 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS). Thus the kinetics of oxidation of glucose by GOx can be followed
spectrophotometrically by measuring the increase in absorbance at 405 nm arising from
oxidised ABTS.
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GOxox + β − D − gluco se → GOxred + gluconolactone

GOx red + O2 → GOxox + H 2 O2

HRP + H 2 O2 + ABTS red → HRP + 2 H 2 O + ABTS ox

Figure 2.3: Catalytic mechanism for oxidation of glucose by GOx.

In a typical assay, 100 µL of stock GOx solution with a concentration in the range 0.4 –
0.8 Units.mL-1 was added to a reaction mixture that had been equilibrated at 35 °C. The
reaction mixture consisted of 90 mM glucose, 16 mM ABTS and 1.9 U.mL-1 HRP in
100 mM sodium phosphate buffer (pH 5.1). The absorbance at 405 nm was monitored
continuously for 5 minutes with the initial, linear increase in absorbance being used to
calculate the enzyme activity through the use of Equation 2.1. The activity of the
different GOx samples used throughout this study are shown in Table 2.1.

Equation 2.1:

(

−1

Activity U .mL

) = (∆DO

test

)

− ∆DO blank × V final × df
36.8 × Venzyme

where ∆DOtest and ∆DOblank are the maximum linear increase in absorbance (in absorbance units.min-1)
measured for added GOx solution or enzyme free buffer, respectively. Vfinal is the final volume of the
assay solution in mL, df is the dilution factor of the enzyme stock solution, 36.8 is the millimolar
extinction coefficient of ABTSox at 405 nm and Venzyme is the volume of added enzyme solution in mL
(typically 0.1 mL).
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Table 2.1: Comparison of the activities of GOx samples used throughout this thesis.

Enzyme Batch #

Activity** (Units.nmol-1)

Activity** (Units.mg-1)

Batch 1 (Sigma-Aldrich)

2.45 ± 0.06

15.3 ± 0.4

Batch 2 (Sigma-Aldrich)

3.57 ± 0.07

22.3 ± 0.4

Batch 2* (Sigma-Aldrich)

3.39 ± 0.03

21.2 ± 0.2

Purified (Dr N. Mano)

54.3 ± 0.3

347 ± 3

* Measured ~ 1 year 2 months after the original activity assay was performed. **One Unit of activity is
defined as the amount of enzyme that will catalyse the oxidation of 1 µmole of glucose per minute at
35 °C under the assay conditions. All results are given as an average of at least 5 assays ± 1 standard
deviation.

2.6

Electrochemical Techniques and Theories

Two types of processes occur at the surface of an electrode during the course of an
electrochemical experiment; Faradaic processes whereby electrons are physically
transferred across the interface between the solution and electrode substrate, and nonFaradaic processes where no formal charge transfer occurs. Faradaic processes are
governed by Faraday’s law which states that the amount of chemical reaction caused by
the flow of a current is proportional to the amount of charge passed. In general, such a
reaction will be governed by the rates of the processes involved in the electron transfer.
These can include the mass transport of reacting species from the bulk solution to the
electrode surface, the kinetics of the actual electron transfer at the surface, chemical
reactions preceding (or following) the electron transfer step as well as any other surface
reactions occurring such as adsorption or desorption. The general Faradaic reaction of a
solubilised oxidised species (O) being reduced at an electrode surface to produced a
solubilised reduced species (R) can be represented by Equation 2.2.

Equation 2.2:

O + ne − ↔ R

where n is the number of electrons, e-, involved in the reaction.
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Often in experimental procedures, however, potential ranges are encountered where no
such formal charge transfer reactions occur. Despite the absence of such reactions,
current is sometimes observed to flow in these regions. Such transient currents are due
to non-Faradaic processes resulting from the charging (or discharging) of the electrical
double layer that lead to changes in the structure of the electrode/solution interface. The
electrochemical characterisation of high surface area electromaterials can be impeded
by such capacitive currents due to swamping of the target redox signal. As a result, it is
important to measure and account for the effects of such currents.

2.6.1

Capacitance Measurements

A typical capacitor consists of two conductive electrodes, each of which stores an equal
but opposite charge, separated by an insulator (Figure 2.4). Electrical charge in the
capacitor accumulates on the electrodes at the boundary between the electrode and the
insulating material, resulting in an induced electric field in the region between. The
strength of the electrical field between the electrodes generated in a capacitor is
proportional to the accumulated charge and creates a potential difference between the
two electrodes that may be expressed by the equation V = E.d (where V is the potential,
E the electric field and d the electrode separation).
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Figure 2.4: Schematic diagram of a simple capacitor.

The capacitance of such a device is therefore the amount of charge (Q) stored on each
plate for a given potential difference (V), and it is the relationship dQ/dV that is formally
known as the capacitance. Ordinary capacitors have low energy storage densities due to
the use of metal electrodes which have only small accessible electroactive areas.
However, high surface area materials, coupled with charged electrode/solution
interfaces containing a double layer, result in materials which possess very large double
layer capacitances (Cdl). If the capacitance of the electrode material remains constant
when the applied potential is varied, then an experiment in which the potential is swept
constantly between two potential limits (i.e. a cyclic voltammetry (CV) experiment) will
generate a rectangular current response as shown in Figure 2.5.
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Current

i anodic

Potential

i cathodic

Figure 2.5: An ideal cyclic voltammogram produced using a material with a constant capacitance, due
only to non-Faradaic (double layer) processes.

Equation 2.3 shows the relationship between the electrode double layer capacitance
(Cdl), the anodic (or cathodic) peak height obtained from the cyclic voltammogram (i)
and the scan rate (v).

Equation 2.3:

2.6.2

i = vCdl

Cyclic Voltammetry

Cyclic voltammetry (CV) is perhaps the most well known and most utilised
electroanalytical technique employed for the analysis of electron transfer processes
occurring at an electrode surface. This is due to its experimental simplicity as well as
the fully-established and well understood theoretical treatments available for the
method. In a CV experiment, the applied potential is swept at a constant rate between an
initial potential limit and second potential limit whilst the resulting current response is
recorded. Once the second potential limit is reached, the potential is then swept back to
the initial value. The potential at any given time (for the forward scan) is given by
Equation 2.4.
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Et = Ei −ν t

where Et is the potential at a specific time, t, Ei is the initial potential that the sweep originated at and ν is
the scan rate (typically in units of volts per second, V.s-1 ).

Upon the reversal of the scan, where the potential is switched at a time, λ, the potential
at any given time is expressed by Equation 2.5.

Equation 2.5:

E = Ei − 2νλ + ν t

The voltammogram obtained when a CV experiment is performed using a solution
initially containing only a reduced species is shown in Figure 2.6. At the beginning of
the potential sweep only transient, non-Faradaic currents flow provided that the initial
potential is selected so that it is more negative than the redox potential of the redox
active species (point 1). As the applied potential approaches the formal potential of the
redox species, oxidation begins to occur at the electrode surface and a Faradaic current
begins to flow (point 2). At a sufficiently oxidative potential, all reduced redox species
are instantaneously converted to product and the rate of electrochemical conversion at
the electrode surface becomes limited by the rate at which fresh, reduced redox species
are able to be transported to the electrode surface. Such a mass transfer limitation
manifests itself as a peak in the cyclic voltammogram (point 3). Upon reaching the
upper potential limit and reversing the scan (point 4), the oxidised species produced
during the preceding scan begins to be reduced at potentials close to the formal potential
of the redox couple (point 5). Provided that both oxidation states of the redox species
are stable in solution and have similar diffusion coefficients, the reverse scan should be
identical to that of the forward scan. Specifically it should have an identical peak
current height, width and overall shape.
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Figure 2.6: Cyclic voltammogram obtained from a CV experiment in which a GC electrode was cycled in
a 0.1 M PBS solution containing ferrocenemethanol.

If the rate of electron transfer between the redox species and electrode surface is fast
enough that the surface concentrations of both the oxidised and reduced forms of the
electroactive molecule are maintained at the levels dictated by the Nernst equation, then
the reaction is said to be reversible. The anodic (Ep,c) and cathodic (Ep,c) peaks in the
cyclic voltammogram in this case will be separated by an amount (∆Ep) close to 59 mV
for processes involving transfer of a single electron, with the ratio of the anodic and
cathodic peak heights (ip,a and ip,c, respectively) being close to unity. For a species
undergoing an electrochemically reversible reaction at an electrode, there are specific
parameters of interest that can be derived from a cyclic voltammogram. The first of
these is the formal redox potential, E0′, of the redox couple given by Equation 2.6. In
addition, either the electrode surface area, A, or the diffusion coefficient of the
electroactive species, D, can be obtained using the Randles-Sevcik equation (Equation
2.7) provided the other is known.

Equation 2.6:

E 0′ =

( E p , a + E p ,c )
2
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3

Equation 2.7:

1

1

i p = k . n 2 .v 2 .D 2 . A . C

(at 298 °K)

where ip is the peak current in amperes, k the Randles-Sevcik constant 2.687 x 105, n is the number of
electrons transferred in the reaction, v is the scan rate in V.s-1, D is the diffusion coefficient of the redox
active species in cm2.s-1, A is the electrode area in cm2 and C is the concentration of the redox active
species in mol.cm-3.

If the reaction kinetics are slow, or the rate of the applied potential sweep is increased to
a sufficient enough level, then the concentrations cannot remain in equilibrium. In this
case, the oxidation peak (Ep,a) will shift to a more positive potential with a concomitant
shift in the reduction peak (Ep,c) to a more negative value. As a direct consequence, the
distance between the oxidation and reduction peaks (∆Ep) will increase and the resulting
peak heights will be reduced in magnitude. Under such conditions the reaction is said to
be quasi-reversible and the current produced is limited by both charge transfer and mass
transfer effects. Typical values of the heterogeneous rate constant for a quasi-reversible
electron transfer lie between 10-1 and 10-5 cm.s-1. Systems that display extremely slow
rates of electron transfer, or that are subjected to even faster scan rates, give so-called
irreversible behaviour. In such a system, large overpotentials must be applied in order to
generate Faradaic currents. Under such conditions, the peak potentials are a function of
the applied scan rate and shift (in the case of a reduction) in a negative direction by an
amount equal to 1.15RT/αF (or 30/α mV at 25 ºC, where α is the transfer coefficient) for
each tenfold increase in scan rate. In an irreversible system, the peak potential is shifted
from the formal potential of the redox couple by an activation overpotential. A plot of ln

ip vs. Ep – E0’ determined at different scan rates should have a slope of –αF and an
intercept proportional to the standard rate constant (k0) of the electron transfer process.
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Method for Determination of Heterogeneous Electron Transfer Rate
Constants.

Many methods and techniques have been used in the literature to determine the rate of
heterogeneous electron transfer between a solubilised redox species and an electrode.
Perhaps the most well known of these methods is that of Nicholson who devised a
method based upon the increase in separation of the anodic and cathodic peak potentials
(∆Ep) resulting from increasing the scan rate used in a CV experiment [4]. Nicholson
defined a function, ψ, given by Equation 2.8 that relates the increase in peak separation
caused by increasing scan rate to the rate constant of the electron transfer process.

α

Equation 2.8:

 DO  2 0

 k
DR 

ψ=
1
(π DO f ν )2

where DO and DR are the diffusion coefficients of the oxidised and reduced species, respectively, α is the
transfer coefficient, k0 is the standard heterogeneous rate constant, f is a constant equal to 38.92 V.s-1 and
ν is the scan rate.

For ψ values larger than 7, the electrochemical process is reversible and independent of
∆Ep. At ψ values less than 0.001 the electrochemical process becomes irreversible and
determination of ∆Ep becomes more difficult. The region between these upper and
lower limits represents an area in which the electroactive species is undergoing so called
quasi-reversible behaviour. This region is of primary interest in the method of
Nicholson, since the peak separation in this range will be dependant upon ψ. The
method involves monitoring the dependence of the peak separation in a cyclic
voltammogram on the rate of the applied potential sweep. It is used when an applied
scan rate gives rise to peak separations greater than 60 mV and less than 250 mV. Under
these circumstances the scan rate is sufficient enough to be competitive with the rate of
electron transfer. The value of the heterogeneous electron transfer rate constant, k0, can
then be determined from the quantitative relationship it shares with ∆Ep and the applied
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scan rate (ν) using Equation 2.8 or by construction of a plot of ψ vs. ν-1/2 [5]. The
relationship between ∆Ep and ψ is shown in Figure 2.7 [6].
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Figure 2.7: The effect of the dimensionless kinetic parameter ψ, given by Equation 2.8, on the observed
peak separation obtained from cyclic voltammetry experiments.

It has been shown previously that the effect of the transfer coefficient, α on ∆Ep is small
when 0.3 < α < 0.7 [4]. However, the method is prone to large errors when significant
uncompensated resistances are present in the electrochemical cell. Nicolson has shown
that the effects of such uncompensated resistances on plots of ∆Ep vs. ν are nearly
identical to that of kinetic effects given by ψ [4]. This is more apparent when the
currents generated are large and the value of the heterogeneous electron transfer rate
constant approaches that of the reversible case.

While useful for measuring the capacitances of new materials and determining
electrochemical parameters of redox species, cyclic voltammetry cannot fully identify
the various electrochemical processes that are occurring at an electrode/electrolyte
interface, due to an inability to completely separate Faradaic and non-Faradaic
processes. Additionally, potentiodynamic experiments such as cyclic voltammetry
suffer under conditions where large capacitive currents are present, since the time taken

70

Chapter 2

General Experimental

for the charging current to dissipate after a potential step is often significant. Many
voltammetric techniques exist that enable separation of Faradaic and non-Faradaic
components of an electrochemical signal, including square wave and pulse
voltammetry. A particularly powerful technique to discriminate between the two types
of current contributions is Fourier transform alternating-current voltammetry (FTACV).

2.6.4

Fourier Transform AC Voltammetry

The Faradaic responses generated during an electrochemical experiment are nonlinear in
nature. The mathematical complexity of such second– and higher order terms are
generally avoided in theoretical analysis of experimental results. For example, in
electrochemical impedance spectroscopy (EIS), the higher order terms are simplified by
employing phase randomisation and implementing only small amplitude perturbations.
The use of small sinusoidal AC potential waveforms superimposed on top of a constant
DC potential allows pseudo-linearity to be implied. In this way, linear equivalent circuit
elements are able to be used to simulate the resulting electrochemical response.
However, the non-linear responses characteristic of Faradaic reactions in an
electrochemical cell exhibit easily recognisable patterns of behaviour and have been
shown to contain a wealth of information about the underlying electrode mechanism [1].
Such behaviour can be exploited using large-amplitude sinusoidal methods such as
Fourier transform alternating-current voltammetry (FTACV).

In FTACV, a large amplitude periodic waveform is superimposed over a DC potential
ramp as in an EIS experiment. The current response generated by the periodic waveform
is then recorded throughout the experiment. The waveform of a single sine wave of
amplitude ∆E and frequency ω, superimposed onto a DC potential ramp (EDC) is given
by Equation 2.9.

Equation 2.9:

Et = EDC + ∆E sin (ω t )
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Such an imposed waveform will generate a response that contains a DC contribution as
well as a series of responses at the fundamental (ω), second (2ω) and higher harmonics.
Each harmonic is able to be individually detected throughout the course of the
experiment using lock-in amplifiers. In order to access the obtained data in an intuitive
form, the total current response is transformed from the time domain to the frequency
domain through the use of a Fourier transform (FT) algorithm. Such a procedure
produces a power spectrum from which the individual contributions of the DC,
fundamental, second and higher harmonics are then able to be separated via
implementation of an inverse FT procedure (Figure 2.8).

(a)

(b)

ω
dc

2ω

3ω

Frequency domain result
(power spectrum)

(c)

(d)

Figure 2.8: a) DC component identical to the response obtained from a cyclic voltammetry experiment.
b) Fundamental harmonic, c) second harmonic and d) third harmonic components obtained after inverse
Fourier transformation of the AC response.

One of the strengths of the technique lies in the ability to distinguish between Faradaic
and non-Faradaic current contributions. The double layer capacitive contributions to
observed currents generated throughout the course of an electrochemical experiment are
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traditionally recognised as a linear system as shown previously in Equation 2.3. In this
idealised representation, it follows that the capacitive component will be essentially
absent from the second and higher order generated harmonics, which are sensitive only
to non-linear responses. Thus evaluation of kinetic parameters is simplified at the
higher harmonics since the linear response indicative of non-Faradaic processes is
removed.

2.6.5

Rotating Disk Electrochemistry

In experiments where it is desirable to control the mass transport of reaction species to
an electrode surface, rotating disk voltammetry is often employed. A rotating disk
electrode consists of a disk of electrode material embedded in an insulating rod. The rod
is then connected to a shaft and motor and is rotated at a set number of revolutions per
second (f). This rotation rate is then typically converted to an angular velocity, ω,
through use of Equation 2.10.

Equation 2.10:

ω = 2π f

The solution in the electrochemical cell is stirred vigorously by the rotating electrode,
with electrolyte being drawn up to the surface of the electrode and then flung out by
centrifugal force. The layer of solution immediately adjacent to the electrode however,
“sticks” to the electrode surface and appears, at least from the perspective of the rotating
electrode, to be motionless. Such a process allows the mass transport of solution bound
species to the electrode surface to be controlled.

For a reversible electron transfer process, the limiting current obtained at a particular
rotational rate is defined by the Levich equation given in Equations 2.11 and 2.12 for a
reduction and oxidation process, respectively.
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O

1
2

−

1
6

il ,c = (0.620) n F A D ω v CO*

Equation 2.11:

2
3
R

1
2

−

1
6

il ,a = (−0.620) n F A D ω v C R*

Equation 2.12:

where il,c and il,a are the limiting plateau currents for a reduction and oxidation, respectively, n is
number of electrons involved in the reaction, F is the Faraday constant, A the electrode area, D is
diffusion coefficient of the solution bound species, ω is the angular rotation rate of the electrode
radians.sec-1), C* is the bulk concentration of the solution species and v is the kinematic viscosity of
solution in units of cm2.s-1 (for pure water = 0.01 cm2.s-1).

the
the
(in
the

The Levich equation thus predicts that a plot of the limiting current vs. the square root
of the applied rotation rate should be linear and pass through the origin. Deviation from
such linearity implies that a kinetic limitation is present in the electron transfer process.
In such a case, the current is defined by the Koutecky-Levich equation (Equation 2.13)
which includes a term, iK, which represents the kinetically limited current that would
flow in the absence of any mass transfer effects.

Equation 2.13:

2.6.6

il , c =

1
+
iK

1
2

1

−

1

(0.620) n F A D03 ω 2 v 6 CO*

Catalytic Reactions

A reaction in which the product of an electrochemical process reacts chemically with a
solution species to regenerate the initial reactant is denoted as a catalytic or EC′ reaction
[6]. As a result of the subsequent chemical reaction, the product generated by the initial
electrochemical reaction may not be detected in the voltammogram on the reverse
sweep. This of course depends on the rates of both the applied potential sweep and the
chemical reaction between the product and catalyst.

At slow scan rates, the
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voltammogram will appear sigmoidal since the regeneration of reactant near the
electrode surface will result in the elimination of mass transfer limitations in the
forward sweep and absence of product in the reverse sweep (Figure 2.9). Increasing the
rate of the potential sweep rate to a level where the chemical reaction does not have
sufficient time to occur will result in the voltammogram obtained having the diffusion
controlled form shown previously in Figure 2.6.
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Figure 2.9: Cyclic voltammogram obtained from an experiment in which a GC electrode was cycled in a
0.1 M PBS solution containing ferrocenemethanol, GOx and D-glucose. Note that the current reached a
plateau level instead of peaking due to the product being catalytically regenerated at the electrode surface
(point 1). The cathodic peak was absent since the oxidised product was consumed by the catalytic
reaction (point 2).

2.6.6.1 Enzyme Kinetics

The analysis of experimental voltammetric data obtained for a homogeneous catalytic
system has been treated extensively in the literature, particularly by Albery et al. [7]
and later by Bartlett and Pratt [8]. The reactions occurring in solution and the
appropriate rate constants for each step are shown in Figure 2.10. In this Figure, S is the
substrate and P is the product, Eox and Ered are the oxidised and reduced forms of the
enzyme, respectively while Mox and Mred are the oxidised and reduced forms of the
mediator, respectively. D is used throughout to denote the diffusion of a particular
species.
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S + E ox ↔ ES → P + E red
k −1

k

2 M ox + E red → 2 M red + Eox
K MS =

( k −1 + k cat )
k1

M red → M ox + e −
Figure 2.10: Illustration and related equations for the reactions occurring in a homogeneous catalytic
system as described by Albery et al. Figure adapted from references [8, 9].

Throughout the work conducted in this thesis, substrate concentrations were kept
sufficiently high in order to ensure that their depletion at the electrode surface was not
rate limiting. This greatly simplifies the theoretical treatment of the rate determining
kinetic steps of the reaction mechanism. Under such conditions the rate of reaction can
be derived from the cyclic voltammogram and Equation 2.14 provided that the
heterogeneous electron transfer reaction is fast (diffusion controlled) compared to the
rate of the homogeneous reaction between the oxidised mediator and the reduced
enzyme. This in turn relies on the scenario that there is sufficient substrate present in
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solution so that the enzyme is effectively fully reduced.

Equation 2.14:

il = nFACm ( Dm kC E )

1
2

where il is the limiting plateau current, n is the number of electrons transferred, F is the Faraday constant,
A is the area of the electrode, Cm is the bulk concentration of mediator, D is the diffusion coefficient of
the mediator, CE is the enzyme concentration and k is the rate constant for the reaction between the
mediator and enzyme.

Equation 2.14 has been verified experimentally by Pratt and Bartlett for GOx and
ferrocenemethanol [8]. It has been noted in the literature, however, that a large
concentration of substrate does not necessarily ensure that the pseudo-first order
approximation holds. Bourdillon et al. showed that the condition kCm/kcat << 1 (where
kcat is the rate constant for the reaction between enzyme bound substrate to product)
must also be met [10].

2.6.7

Geometric, Real and Electroactive Surface Area

Three ways of describing the surface area of an electrode are used throughout this
thesis. The first, and most widely adopted, is the geometric surface area. This
measurement is purely a reflection of the physical, geometric size of an electrode,
ignoring contributions from surface roughness. For example, the major electrode
platforms used in this work are: 1 cm x 1 cm GC plates (1 cm2), 3 mm GC disk
electrodes (0.0707 cm-2) and pieces of RVC modified with NanoWeb material cut to
size so that the geometric surface area of the bare RVC is ~ 1 cm-2 as calculated by
Friedrich et al. [11]. The real surface area however, takes into account surface features
and as a result is often significantly larger than the perceived geometric area. The real
surface area can be determined using techniques such as BET, which measures the
surface area by the physical adsorption of gas molecules. The electroactive surface area
on the other hand is a measure of the number of available sites on the electrode that are
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able to facilitate Faradaic charge transfer between a solution species and the electrode.
Often the electroactive surface area is lower than the calculated real surface area since
not all sites on an electrode surface are suitable for Faradaic reactions to take place. For
example, in Figure 2.11, the geometric surface area of the electrode is easily
measurable, being simply 1 cm-2. However, in this case the electrode has been modified
with a layer of graphene sheets. The addition of a nanostructured surface significantly
increases the roughness and hence the real surface area of the electrode.

basal plane
edge plane

1 cm

1 cm
Figure 2.11: Illustration of a graphene modified 1 cm x 1 cm GC electrode. The inset shows the
nanostructured surface area which greatly enhances the real surface area but is not completely available
for Faradaic reactions to take place.

However, not all of the electrode surface is suitable for electrochemical reactions to take
place. The poor charge transfer properties of the basal plane of graphene sheets has been
well documented in the literature and therefore it is likely that Faradaic reactions will
only take place at the edge plane sites of the graphene modified electrode [12]. Hence,
the electroactive surface area of the assembled electrode is likely to be far less than the
calculated real surface area.
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3.1

Characterisation of NanoWeb Modified Electrodes

Introduction

The development of new electrode materials that combine superior electrochemical
properties with high electroactive surface areas has been an area of major activity in
materials science over the past decade. Electrodes comprised of nanostructured carbon
in particular have been intensely researched. Such efforts have been motivated primarily
by the good electrical conductivity and high chemical stability of the sp2-hybridised
material as well as the wide variety of forms that carbon can be produced in including
diamond, nanotubes and graphene. Of these different forms, carbon nanotubes (CNTs)
are perhaps the most utilised nanostructured carbon in the current literature. The reason
for such intense research interest lies in their excellent electrical and mechanical
properties combined with high aspect ratios and electrochemical surface areas.
However, many of these properties that have been responsible for such high levels of
research interest have yet to be realised in larger functional materials comprised of
CNTs. The reason for this is an inability to completely control the assembly and
orientation of individual nanotubes over large domains. Such control is required in order
to, for example, ensure a percolating electrical path over a useful range.

Graphene has more recently emerged as a promising nanostructured carbon for use as
an electrode in electrochemical devices [1]. Graphene is a two dimensional carbon sheet
of just one atom thickness. However, obtaining the material as individual sheets greater
than a few microns across is a non-trivial task. Although new production methods that
allow for larger pieces of graphene to be formed are beginning to emerge, these are
often based upon solution phase chemistry yielding graphene dispersions [2-5]. An
inability to control the orientation of the material during subsequent deposition results
in less than ideal electrochemical properties arising. In addition, while graphene based
electrodes have been demonstrated to have large capacitive surface areas owing to a
high amount of basal plane carbon, the activity of these surfaces for Faradaic reactions
is often lower than at edge plane sites for many redox couples [6, 7]. This is a common
problem in carbon based electromaterials, with some researchers having demonstrated
that the basal plane is effectively inert, contributing negligibly to charge transfer [8].

Although from a practical point of view nanostructured carbon materials are attractive
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candidates for high surface area electrode substrates, they are inherently difficult to
characterise for a number of reasons. Firstly, the large electroactive and real surface
areas of nanostructured materials results in large capacitive currents. Such currents can
often swamp the electrochemical response of the electroactive species being
investigated. Additionally, nanostructured carbon materials often have a large amount of
surface functionality. Such features drastically alter the properties of the
electrochemical interface. For example, the introduction of carboxylic acid and alcohol
functional groups can radically modify the resulting wettability, conductivity

and

capacitance of an electrode [9, 10]. Surface functional groups can also give rise to large
pseudo-capacitive currents in electrochemical experiments which are difficult to
separate from target electroactive responses.

While many strategies exist for modifying electrodes with nanostructured carbon
materials, perhaps the most prevalent is by a simple drop casting technique. In this
method, the nanostructured carbon material is suspended in a solution, often with the
aid of surfactants and/or sonication, and then simply deposited onto the electrode
surface using a pipette (or similar device). The solvent is then evaporated off leaving the
modified electrode. An obvious limitation of the method is that it provides no control
over the orientation of the deposited material as the solvent evaporates. As a result, such
electrodes can be difficult to reproduce reliably. In addition, the method is often unable
to be effectively scaled up to larger sized electrode platforms.

A far more reliable method involves direct “growth” of the carbon nanostructures onto
the electrode platform itself. Such a technique allows aligned carbon nanotube arrays
[11, 12] and carbon nanofibres [13, 14] to be deposited. While several interesting
structures comprised of aligned carbon nanotubes have been constructed, some
problems arise when utilising them as electrodes for conducting electrochemical
reactions. Firstly, the dense packing of aligned nanotubes does not allow for easy
diffusion of solution bound species to the walls of the individual tubes and results in a
situation where only the tips of the nanotubes are available for electrochemical reactions
to take place. In addition, while vertical conduction along the length of the nanotubes is
typically high, lateral conductivity between neighbouring nanotubes is often poor.

Recently the production of a novel carbon-based electromaterial comprised of entangled
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carbon fibres integrated into an underlying conductive carbon layer was reported [15].
The material (named herein as NanoWeb) was demonstrated to provide superior
electrochemistry to that of commercially available multi-walled carbon nanotube paper,
as well as that of vertically aligned carbon nanotube arrays. This new NanoWeb
material has the overall appearance of an entangled carbon fibre network, and provides
a significant surface area matrix with excellent conductivity and stability which could
serve as a new electrode material for use in a biofuel cell. Furthermore, the NanoWeb
can be deposited directly onto various conducting substrates to generate a novel series
of extremely robust and reproducible electrode platforms.

3.2

Aims

This chapter aims to evaluate the electrochemical properties of the new carbon based
NanoWeb material when deposited onto a glassy carbon substrate. In particular, the
chapter aims to determine the electroactive surface area and capacitance of the
NanoWeb material and compare its properties to that of other nanostructured carbon
electrodes, namely single wall carbon nanotubes and graphene modified GC electrodes.

3.3
3.3.1

Experimental
Reagents

Nitric acid (HNO3, 70 %), N,N-dimethylformamide (DMF, 99.8 %), ferrocenemethanol
(FcMeOH, 97 %), potassium hexachloroiridate(III) (K3IrCl6), and potassium
ferrocyanide (K4Fe(CN)6) were obtained from Sigma-Aldrich. Iron(III) paratoluenesulfonic acid (Fe(III).pTS) was obtained from Baytron as a 40 % (w/v) solution
in ethanol. Reticulated vitreous carbon (RVC) of varying porosity (10-90 pores per
inch, ppi) was purchased from Duocel, ERG Materials and Aerospace Corporation.
Tungsten sheet of 3N8 purity was purchased from ESPI Metals while glassy carbon
plates with dimensions of either 4.0 x 4.0 x 0.2 cm or 1.0 x 1.0 x 0.2 cm were purchased
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from HTW, Hochtemperatur-Werkstoffe GmbH. A Sylgard® kit containing a 10 %
(w/v) polydimethylsiloxane (PDMS) solution was purchased from Dow Corning
Corporation.

3.3.2

Fourier Transform AC Voltammetry

FTACV studies were conducted using bare GC electrodes as well as GC electrodes
modified with SWCNT, graphene and NanoWeb in deaerated PBS containing either 2.0
or 0.2 mM ferrocenemethanol. In general, the applied potential consisted of a DC ramp
with Einitial and Eλ being - 0.1 V and 0.6 V, respectively and ν equal to 26.08 mV.s-1. An
AC sine-wave perturbation with frequency (ƒ) equal to 20.81 Hz and amplitude (∆E) 60
mV was superimposed onto the DC ramp with the obtained data being Fourier
transformed or inverse-Fourier transformed for analysis. Where comparisons are drawn
between electrodes of differing physical size, the current values were normalised with
regards to the geometric area of the electrode.

85

Chapter 3

3.4
3.4.1

Characterisation of NanoWeb Modified Electrodes

Results and Discussion
NanoWeb Modified Electrodes

It was envisaged that the NanoWeb could be grown onto any substrate that could
withstand the high temperatures needed for growth. Previous studies had demonstrated
the ability to grow the carbon nanostructure onto both quartz and copper foil [15]. In
this study, attempts were made to grow the NanoWeb onto glassy carbon (GC), tungsten
metal and highly porous reticulated vitreous carbon (RVC). The majority of electrode
substrates displayed (visually) perfect matte black coverings of NanoWeb material after
removal from the CVD furnace, similar to results reported earlier for the material grown
on quartz [15]. Other samples displayed surfaces that were either completely uncovered
or which had a grey coloured material deposited on them as shown in Figure 3.1.

(a)

(b)

(c)

Figure 3.1: Images of the NanoWeb material deposited onto three different substrates: (a) tungsten sheet
(~ 2 cm x 2 cm), (b) RVC (~ 2 cm x 4 cm) and (c) a glassy carbon plate (~ 2 cm x 4 cm) after CVD
growth. The RVC sample shows a clear difference between the modified and un-modified surface. The
tungsten sheet shows a grey discolouration along the top edge.
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Samples with grey defects were normally those that were placed at the end of the
furnace and thus were perhaps starved of the carbon source gas during the deposition
procedure. SEM images of the matte black and grey coloured materials are shown in
Figure 3.2. The matte black material was observed to be comprised of finer, thread like
carbon structures ~ 60 nm in diameter, whereas the grey material consisted of shorter,
thicker nano-sized features.

(a)

(b)

Figure 3.2: SEM images of different forms of NanoWeb material produced in the Atomate furnace: (a)
the matte black material comprised of thinner, longer strands of NanoWeb material; and (b) the grey
material showing a structure comprised of thicker, shorter tube-like structures. The scale bars are 1 µm in
each case.

NanoWeb prepared using a 10 % (w/w) iron(III) para-toluenesulfonic acid catalyst
solution was found to be strongly adhered to each of the underlying substrates, requiring
scraping with a scalpel followed by sonication and rigorous polishing to remove the
deposited material. Both a 20 and 40 % (w/w) catalyst solution were also trialled but the
NanoWeb material produced using these solutions was found to crack easily and peeled
off the underlying substrate in some cases.

The growth of the NanoWeb onto RVC of varying porosity was also investigated.
However, RVC with porosity less than 45 ppi was found to be too dense for sufficient
gas flow through the structure. In these cases visual inspection of the internal structure
of the RVC showed it to have unmodified surfaces. Although RVC with greater than 45
ppi displayed surfaces that were well covered with NanoWeb, the resulting materials
were not mechanically robust enough to work with. As a result, the majority of the work
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in this thesis was conducted using 45 ppi RVC modified with the NanoWeb material,
unless stated otherwise. Similarly, the brittle nature of the tungsten substrate impeded
its continual use, and thus this material was not investigated further in this work despite
it being deemed a suitable electrode substrate on which the NanoWeb material could be
grown.

3.4.2

Raman Spectroscopy of the NanoWeb Material

Raman spectroscopy was conducted on both the NanoWeb layer while it was on the
substrate and also after having been scraped off the electrode. The spectrum obtained in
each case (e.g. Figure 3.3) showed two prominent peaks; a D-band (or disorder band) at
~1325 cm-1 and a G-band at ~ 1588 cm-1. Samples that are comprised primarily of
SWCNTs display D-bands positioned between ~1285 and 1300 cm-1 that are ~ 100
times smaller than the observed G-band [16]. The spectrum obtained of the NanoWeb
therefore indicated that the web like structure was either comprised mainly of crystalline
graphite-like allotropes of carbon (carbon fibres) or possibly multi-walled carbon
nanotubes (MWCNTs).
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Figure 3.3: Raman spectrum of the carbon NanoWeb material.
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Graphene and Single Wall Carbon Nanotube Modified Electrodes

SEM images were obtained of GC electrodes modified with both graphene and
SWCNTs in order to compare the morphologies of each to that of the NanoWeb. The
drop cast deposition of SWCNTs onto GC yielded a modified electrode that appeared to
be comprised of a mat of bundled nanotubes rather than individual tubes (Figure 3.4(a)).
Graphene modified GC electrodes appeared to be comprised of material with some
pores being present in the structure (Figure 3.4(b)). The morphologies of both these
materials is significantly different to that of the NanoWeb shown in Figure 3.2 (a).

(a)

(b)

Figure 3.4: SEM images of: (a) a SWCNT film deposited onto a GC surface and (b) a graphene film
deposited onto a GC electrode. Scale bar is 1 µm in both cases.
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Plasma Treatment of Electrode Substrates

The as prepared NanoWeb was observed to be highly hydrophobic, which is not
surprising due to it being comprised of non-polar carbon material. This presented a
problem in utilising the material in the aqueous media required for biofuel cell
applications, since the material would not wet appreciably. Initial attempts to overcome
this issue involved using isopropanol to first wet the surface, followed by washing the
electrode with copious amounts of water. Although this made the material appear to be
wet when subsequently immersed in aqueous electrolyte, the method presented several
problems when it was necessary to modify electrodes with biological moieties that are
adversely affected by organic solvents. On these occasions the hydrophobicity of the
material was overcome by exposing it to an oxygen plasma generated by low frequency
radio waves in a 2 mtorr vacuum. The oxygen radicals generated in such a plasma react
with the surface of the NanoWeb material, cleansing it of organic contaminants and
producing a surface with a variety of functional groups including carboxylic acid and
hydroxyl species. While the plasma treatment renders the material more hydrophilic,
care must be taken so as to not destroy the surface completely by over-oxidising it.

The hydrophobicity of the NanoWeb material deposited onto GC was tested both before
and after exposing it to 10 seconds of plasma treatment by contact angle analysis.
Untreated NanoWeb exhibited a water contact angle of 146 ± 2 ° (Figure 3.5). However,
after exposure to the plasma for just ten seconds, the material was found to be
completely wettable and no contact angle could be determined.

Figure 3.5: Contact angle exhibited by a 2 µL droplet of water on the NanoWeb surface before oxygen
plasma treatment.
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Further justification for the use of plasma treatment of the NanoWeb surface was
provided by the improved electrochemical response obtained using a solution
containing 2 mM hexachloroiridate in 0.1 M PBS (Figure 3.6). Significant electrical
resistance arose due to the hydrophobic nature of the untreated surface retarding direct
contact with the solubilised electroactive species. This resulted in the distorted
voltammogram obtained using the untreated surface. In contrast, the treated substrate
shows far superior electrochemical properties owing to its enhanced wettability,
facilitating, direct contact between the IrCl63- and the electrode material.
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Figure 3.6: Cyclic voltammograms obtained using an untreated and plasma treated NanoWeb/GC
electrode immersed in a deaerated 0.1 M PBS solution containing 2 mM hexachloroiridate.

Plasma treatment has previously been shown to affect the redox chemistry of
electroactive species at other carbon based electrodes such as diamond and GC [17].
However, care must be taken to ensure that the NanoWeb material is not exposed to the
plasma for prolonged periods as this causes excessive functionalisation of the surface
and additional, unwanted redox activity. Experiments were thus conducted in which the
effect of duration of plasma treatment of the NanoWeb on its electrochemical properties
was investigated by performing cyclic voltammetric experiments in deaerated 0.1 M
PBS buffer. CVs were initially obtained using the NanoWeb material deposited onto
GC that had not been subjected to plasma treatment, but instead had used isopropanol to
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“wet” the surface. The electrode was then washed with 0.1 M PBS buffer to remove the
isopropanol before the electrode was immersed in the PBS electrolyte. CVs obtained
using NanoWeb/GC electrodes prepared in this way showed virtually no redox activity
within the limits of the imposed potential sweep (Figure 3.7). CV experiments were
then conducted on the NanoWeb material after it had been exposed to plasma for 10
secs, 1 minute, 6 minutes, 16 minutes and 31 minutes. These results are also presented
in Figure 3.7, and indicate that the capacitance of the material continues to increase with
increasing exposure to the plasma. However, after 16 minutes significant
functionalisation of the surface had taken place resulting in the broad redox peaks
observed between – 500 mV and + 100 mV (vs. Ag/AgCl).
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Figure 3.7: CVs obtained using a NanoWeb modified RVC electrode exposed to an oxygen plasma for
various amounts of time, after immersion in deaerated PBS buffer. All potentials are vs. a Ag/AgCl
reference electrode.

Further treatment resulted in the material acquiring even greater capacitance, but
becoming inert towards redox probes such as ferrocenemethanol and hexachloroiridate.
More conventional RVC pre-treatments were also trialled that involved anodisation of
the electrode at potentials greater than 1 V for several minutes, and/or cycling the
electrode between upper and lower potential limits of + 1.5 V and -1.5 V, respectively.
Such procedures did not result in any appreciable change in the observed capacitance or
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electroactivity of the electrode material.

Experiments were also conducted on GC electrodes modified with graphene and
SWCNTs both before and after plasma treatment in order to determine whether the
treatment improved the electrochemistry of the materials. In contrast to the NanoWeb,
these electrodes appeared to wet without the need for surface treatment. Exposure of
both SWCNT and graphene modified GC electrodes to the plasma for 10 minutes
resulted in similar capacitive currents to untreated electrodes, with redox peaks also
being visible at similar potentials to those observed for the NanoWeb material (Figure
3.8). Since no significant enhancement in the performance of both the SWCNT and
graphene modified electrodes was observed after plasma treatment, electrodes
comprised of these materials were not treated in this manner in further experiments.
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Figure 3.8: Cyclic voltammograms obtained using untreated and plasma treated SWCNT modified GC
electrodes after immersion in deaerated 0.1 M PBS electrolyte. Potentials are recorded vs. a Ag/AgCl
reference electrode.
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Mechanical Integrity of NanoWeb Modified Electrodes

The web-like structure of the carbon NanoWeb was tested for mechanical integrity by
subjecting it to electrochemical experiments in which it was rotated at high speeds.
Although an aim of this work was to negate the need for rotation of electrodes in biofuel
cells, the shear forces resulting from such mechanical agitation allowed a determination
of whether the fine, web-like structure was sufficiently mechanically robust for practical
usage. To determine this, a NanoWeb modified RVC electrode was attached to a 5 mm
GC rotating disk electrode using conducting carbon adhesive. Cyclic voltammograms
were obtained using the electrode immersed in a 0.2 mM solution of ferrocenemethanol
in 0.1 M PBS, both before and after being rotated at 3000 rpm for 10 minutes. The CV
obtained after rotation displayed similar peak currents to that obtained initially (Figure
3.9). This indicates that the electroactive surface area of the material was not reduced
after rotation at high speed, as would be expected if shear force had stripped the
nanostructured web from the surface.
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Figure 3.9: Comparison of CVs obtained using a NanoWeb modified RVC electrode before and after
rotation at 3000 rpm. Both CVs were obtained using deaerated 0.1 M PBS electrolyte containing 0.2 mM
ferrocenemethanol. The scan rate in each case was 20 mV.s-1. All potentials were recorded vs. a Ag/AgCl
reference electrode.
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Determination of the Capacitance of Nanostructured Carbon Electrodes

Determination of the capacitance of a particular electrode is important as the nonFaradaic current can contribute greatly to the total current output of the electrode during
potentiodynamic electrochemical experiments. In addition, the capacitance is a direct
reflection of the size of an electrode and determines the cell’s time constant, τ. The latter
indicates the lower limit of the exponential timescale that is able to be used to extract
kinetic information about redox reactions occurring at the surface of an electrode. This
parameter therefore provides an indication of the amount of time required for transient
currents resulting from applied changes in potential to dissipate. In general, a period of
time equal to five cell time constants is required to ensure that the transient contribution
to the current has fully decayed.

The capacitance of the NanoWeb material when deposited onto GC was compared to
that of other nanostructured carbon electrodes and unmodified GC electrodes. In each
case, CV experiments were conducted in deaerated 0.1 M PBS buffer at scan rates
ranging from 5 mV.s-1 to 250 mV.s-1. Generally, measurements were performed using at
least five different examples of each electrode type, with the capacitances being
obtained from linear regression analysis of plots of mean values of ipa vs. scan rate (ν).
CVs obtained using bare GC electrodes as well as GC electrodes modified with the
nanostructured carbons exhibited the typical rectangular shape expected for materials
acting as simple double layer capacitors. In each case the results obtained with each of
the electrodes revealed that no redox peaks attributable to Faradaic processes were
apparent within the imposed potential limits (Figure 3.10). Electrodes modified with
both SWCNTs and graphene displayed CVs with larger capacitive currents than the bare
GC electrode owing to the extra surface area afforded by the presence of additional,
nanostructured carbon.
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Figure 3.10: Comparison of CVs obtained using bare GC and modified GC disk electrodes cycled in
deaerated PBS electrolyte. The scan rate in each case was 20 mV.s-1. All potentials were recorded vs. a
Ag/AgCl reference electrode.

GC plate electrodes (1 cm x 1 cm) modified with the NanoWeb material showed a
marked increase in capacitive current compared to an unmodified 1 cm x 1 cm GC
electrode. The CVs obtained using such electrodes again displayed the rectangular
current/potential traces indicative of simple double layer charging/discharging. Slight
increases and decreases in current can be seen at the switching potentials, which were
attributed to the onset of oxidation of the solvent and reduction of residual molecular
oxygen, respectively (Figure 3.11).
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Figure 3.11: Comparison of capacitance CV’s obtained using a bare GC and a NanoWeb modified GC
plate electrode (1 cm x 1 cm geometric area) cycled in deaerated PBS electrolyte. The scan rate in each
case was 20 mV.s-1. All potentials were recorded vs. a Ag/AgCl reference electrode.

The resulting plots of (geometrically) normalised anodic current vs. applied scan rate
for each of the electrodes are shown in Figure 3.12. In each case the correlation
coefficient (R2) was greater than 0.99. The current values used in the regression analysis
were those observed half way between the potential limits so as to avoid Faradaic
contributions caused by solvent and oxygen decomposition, as well as transient currents
caused by double layer charging at the switching potentials. The normalised capacitance
of 68.7 µF.cm-2 obtained for the bare GC electrode (obtained using a 3 mm disk GC
electrode) is at the higher end of the capacitance values quoted in the literature for
polished and laser treated GC electrodes (10 - 70 µF.cm-2) [18, 19]. However, it is of
interest to note that the capacitance of the bare 1 cm x 1 cm GC plate is only a third of
the normalised capacitance of the bare 3 mm GC disk. Such a large discrepancy
between the two values illustrates the difficulty in evaluating the electrochemical
performance of an electrode when results are required to be normalised by large factors.
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Figure 3.12: Capacitance plots of normalised anodic current vs. the scan rate used for different
nanostructured carbon electrodes. Experiments were conducted in deaerated PBS electrolyte. All
potentials were recorded vs. a Ag/AgCl reference electrode. Error bars indicate ± 1 standard deviation.

Modification of GC electrodes with SWCNTs, graphene and NanoWeb resulted in the
capacitance increasing substantially. GC electrodes modified with SWCNTs displayed
an un-normalised capacitance 3.5 times greater than an unmodified electrode (17.0 µF
and 4.8 µF, respectively) while a graphene modified electrode displayed an unnormalised capacitance that was nearly 30 times larger (138.8 µF) (Table 3.1). The
large increase in capacitance observed for the graphene modified electrode is
attributable to the large surface area afforded by the basal plane of the deposited
graphene. The nanostructured NanoWeb material increased the capacitance of the
electrode to ~ 1500 µF. This is 68 times larger than an unmodified, 1 cm x 1 cm GC
plate and 21 times larger than the normalised value obtained using the bare 3 mm GC
disk. It was noted that the capacitance obtained using SWCNT modified electrodes was
smaller than the specific surface capacitance of 1.4 mF.cm-2 reported by Lyons and
Keely for SWCNT modified electrodes prepared using an identical fabrication
procedure [20]. Although the SWCNT dispersion was prepared identically to that in the
literature and was homogeneous and stable for several months, AFM images indicated
that bundling of the nanotubes occurred during the drop cast deposition with no
individual nanotubes being discernable (Figure 3.13). This might have impacted on the
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observed electrochemical response of the modified electrode. Such a result
demonstrates the difficulty in reproducing results using commercially purchased
materials and the inherent irreproducibility of the drop casting method.

Figure 3.13: AFM image of a SWCNT film deposited onto a GC surface.

The larger error bars associated with the data shown for the graphene modified
electrode in Figure 3.12 are also a consequence of the drop casting method used to
produce the electrodes, and again highlight the difficulty in obtaining reproducible
results using this method. The calculated capacitances for each of the modified
electrodes are tabulated in Table 3.1, and show the significant capacitance of the
modified electrodes, especially that of the NanoWeb/GC and graphene/GC electrodes.

The high capacitance of the nanostructured carbon electrodes shown in Table 3.1
indicates that the cell time constant (τ) for each will be quite large. An estimate of the
cell time constant can be calculated from the solution resistance, Rs, and the double
layer capacitance (Cdl) according to τ = Rs x Cdl. The estimated cell time constants for
each of the modified electrodes in an electrolyte with a resistance of 64 Ω are presented
in Table 3.1. The higher cell time constants obtained for the modified electrodes
indicate that deconvoluting the charging current from the total collected current may be
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experimentally difficult if the kinetics of surface redox reactions are rapid [20].
Table 3.1: Comparison of the obtained capacitance and cell time constants for different carbon
electrodes.

Electrode Type

Measured
Capacitance (µF)

5 x Cell Time
Constant (mS)

Bare GC disk

4.8

1.5

SWCNT modified GC
disk

17.0

5.4

Graphene modified GC
disk

138.8

44.2

Glassy carbon plate
(1cm x 1cm)

21.5

6.8

NanoWeb on GC plate
(1cm x 1cm)

1462.9

465.9

A large portion of the observed capacitance for each electrode may be attributable to
pseudo-capacitive responses from surface functional groups present on each of the
nanostructured carbon materials. The complexities associated with determining the
purely double layer capacitive currents at simple GC electrodes have already been
revealed in studies by McCreery et al. [21]. Therefore, in order to better determine the
nature of the measured background currents, Fourier transform AC voltammetry
(FTACV) was used to probe the responses of each of the electrodes when immersed in a
0.1 M PBS buffer. Results obtained using bare GC as well as GC electrodes modified
with SWCNTs, graphene and NanoWeb revealed the presence of non-linear pseudocapacitive currents which probably arise from surface functional groups on each of the
materials examined (Figure 3.14). While the non-linear contribution was small and
essentially removed in the 2nd harmonic for bare GC electrodes (Figure 3.14 (a)),
electrodes modified with nanostructured carbon contained a significant amount of
surface functional groups that contributed to pseudo-capacitive currents in the derived
2nd harmonic. However, at NanoWeb and graphene modified electrodes, the third
harmonic effectively lowered the background current to a negligible amount, while
some redox activity was still observed for GC electrodes modified with SWCNTs
(Figure 3.14 (b)).
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Figure 3.14: Fundamental (blue), 2nd harmonic (pink) and 3rd harmonic (red) responses of: (a) a bare GC
electrode, (b) a SWCNT modified GC electrode, (c) a NanoWeb modified GC electrode and (d) a
graphene modified GC electrode. The left current axis in each case corresponds to the fundamental
current while the 2nd and 3rd harmonic currents are plotted on the right current axis. Experiments were
performed in a deaerated 0.1 M PBS electrolyte with all potentials being recorded vs. a Ag/AgCl
reference electrode.

3.4.7

Determination of the Electroactive Surface Area of Nanostructured Carbon
Electrodes

Another important property of electrode materials that is often compared in the
literature is their electroactive surface area. However, while the apparent geometric and
real surface areas of an electrode are readily obtainable in most cases, the electroactive
surface area is more difficult to determine. This is because electrode materials behave
differently depending on the electroactive species present in the surrounding medium.
While there are several different methods for determining the electroactive surface area
of an electrode, perhaps the most utilised approach is via the use a redox active
compound, such as ferrocyanide or ferrocene, and the Randles-Sevcik equation
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(Equation 3.1). This method requires cyclic voltammetry experiments to be performed
at several different scan rates, and the resulting peak currents plotted against the square
root of the scan rate. This yields a linear plot from which the gradient can then be used
to determine the electroactive surface area, provided that the diffusion coefficient of the
redox species is known.

3

Equation 3.1

1

1

iP = k .n 2 .v 2 .D 2 . A.C

where ip is the peak current in amperes, k the Randles-Sevcik constant of 2.687 x 105 C.mol-1.V-1/2, n is
the number of electrons transferred in the reaction, v is the scan rate in V.s-1, D is the diffusion coefficient
of the redox active species in cm2.s-1, A is the electrode area in cm2 and C is the concentration of the
redox active species used in mol.cm-3.

Attempts were made to evaluate the electroactive surface areas and electrochemical
properties of all modified electrodes using two different redox species; ferrocyanide and
ferrocenemethanol. These redox probes were chosen since they represent species that
undergo electron transfer processes via two different mechanisms; inner sphere and
outer sphere one-electron transfer. The terms inner sphere and outer sphere electron
transfer were originally applied to redox reactions between solubilised coordination
complexes. However, the concept can be extended to heterogeneous electrode reactions
where the charge transfer is between a solution species and an electrode surface [22]. In
this context, an outer sphere reaction is one where an electron is transferred from the
solution species to the electrode without any bonding occurring between the two.
Electron transfer occurs via a tunnelling mechanism with the products and intermediates
interacting negligibly with the electrode surface. As a result, physical access to the
electrode is not a prerequisite for the electron transfer reaction to occur and the process
is relatively insensitive to surface functionalisation. An inner sphere electron transfer
process, on the other hand, occurs when strong interactions exist between the reactant
and/or products and the electrode surface. Often the reaction components are physically
adsorbed on the electrode surface with a ligand being shared by both the electrode and
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electroactive moiety. In such a reaction, the nature and extent of surface functionality of
the electrode is important, since this can affect the interaction between the redox species
and the electrode surface [23].

The ferro/ferricyanide redox couple is routinely used for fundamental electrochemical
characterisation of electrode materials in aqueous solutions. This is primarily due to it
exhibiting close to ideal, reversible inner sphere kinetic behaviour at many electrode
materials. However, the appearance of quasi-reversible electron transfer as a result of
film formation on the electrode surface is sometimes encountered [24]. In addition,
inner sphere redox couples such as ferro/ferricyanide are often affected by surface
functional groups present on the electrode materials [25]. CVs obtained using bare GC
electrodes immersed in an aqueous solution comprised of 2.0 mM ferrocyanide and
0.1 M PBS displayed broad redox peaks with a large peak-to-peak separation of over
200 mV even at a relatively slow applied scan rate of 20 mV.s-1 (Figure 3.15). Such
behaviour has been previously attributed by McCreery et al. to functional groups
present on the surface of GC electrodes [26]. The latter authors indicated that the
cleaning and polishing of GC electrodes plays an important role in determining the
electron transfer kinetics of redox species at their surfaces. This dependence of
electroactivity upon the cleaning procedure and prior experimental history of GC
electrodes has resulted in a wide range of electron transfer rate constants (e.g. 1.5 x 10-4
to 0.14 cm.s-1) having been reported in the literature for the ferro/ferricyanide redox
couple at glassy carbon electrodes [27].

All electrodes modified with SWCNTs, graphene or NanoWeb displayed peak
separations for the ferro/ferricyanide redox couple that were greater than 70 mV, even at
slow scan rates of 5 mV.s-1, indicating that the electron transfer kinetics at each of the
electrodes was sluggish. Randles-Sevcik plots constructed using baseline-subtracted
peak heights obtained using both graphene and NanoWeb modified electrodes were
non-linear, particularly at slow scan rates. In these cases, it is likely that some
adsorption of the redox probe occurred on the electrode surface. Such behaviour has
previously been reported at MWCNT modified electrodes [28].
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Figure 3.15: Comparison of CVs obtained using bare GC and modified GC disk electrodes immersed in
deaerated PBS electrolyte containing 2 mM ferrocyanide. The scan rate in each case was 20 mV.s-1 with
all potentials being recorded vs. a Ag/AgCl reference electrode.

Due to the non-ideal electrochemistry displayed by the ferro/ferricyanide redox couple
at each of the electrodes, further characterisation was carried out using an outer sphere
redox probe commonly used in studies concerning the catalytic oxidation of glucose by
the enzyme glucose oxidase; ferrocenemethanol. CVs obtained at a scan rate of 10
mV.s-1 using bare and modified GC electrodes immersed in a deaerated 0.1 M PBS
solution containing 2.0 mM ferrocenemethanol are presented in Figure 3.16. The E0’
values for ferrocenemethanol at each of the electrodes were similar to the literature
values of 214 ± 2 mV and 210 mV (vs. Ag/AgCl) reported in the literature for a bare
glassy carbon electrode and a sol-gel modified electrode, respectively, in a pH 7.4
phosphate buffer [29, 30]. While the peak separations obtained at slow scan rates (5
mV.s-1) using GC, SWCNT modified GC and NanoWeb modified GC electrodes were
slightly greater than the theoretical value of 59 mV for a one step, one electron transfer
process, they were deemed to be well within the range of practical reversibility.
However, the graphene modified electrodes displayed a slightly greater peak separation
of 83 ± 19 mV. The large standard deviation of this measurement is likely a result of the
irreproducibility associated with the drop casting method used to fabricate the electrode.
In addition, results obtained using the graphene modified electrode showed evidence of
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anodic peak broadening as well as the presence of a secondary redox process at an E0’
of ~ 0.4 V (Figure 3.16, inset), both of which may have affected the baseline subtracted
current obtained.
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Figure 3.16: Comparison of CVs obtained using bare GC and modified GC disk electrodes immersed in
deaerated PBS electrolyte containing 2 mM ferrocenemethanol. The scan rate in each case was 10 mV.s-1
with all potentials being recorded vs. Ag/AgCl.

Upon increasing the scan rate, the peak separation of the ferrocenemethanol redox
couple diverged away quite rapidly from the values obtained at slower scan rates at all
electrodes, indicating that the electron transfer kinetics were sluggish. This was
particularly apparent at the GC electrodes modified with the NanoWeb material.
However, when this electrode was immersed in a solution comprised of 0.2 mM
ferrocenemethanol and 0.1 M PBS, the peak separation did not increase as rapidly with
increasing scan rate as when the experiment was performed using a higher, 2.0 mM
concentration of redox species (Figure 3.17). This result is normally indicative of a
large ohmic drop within the electrochemical cell arising from large currents being
drawn combined with a significant solution resistance. Electrochemical impedance
spectroscopy revealed the presence of an ~ 15 Ω solution resistance within the cell
setup, determined from the high frequency intercept of a Nyquist plot obtained using a
NanoWeb modified GC electrode in 2 mM ferrocenemethanol and 0.1 M PBS. Thus in
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further experiments utilising the NanoWeb material, currents were kept sufficiently
small where possible so that the effects of ohmic drop were minimised.
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Figure 3.17: Comparison of CVs obtained at varying scan rates using NanoWeb modified GC electrodes
immersed in deaerated PBS electrolyte containing either: (a) 0.2 or (b) 2.0 mM ferrocenemethanol. All
potentials are recorded vs. a Ag/AgCl reference electrode.

CVs obtained using the NanoWeb modified electrode in the electrolyte of lower
ferrocenemethanol concentration (Figure 3.17 (a)) displayed peaks that were more
symmetrical and “bell” shaped, having a peak separation of only 49 ± 4 mV at a scan
rate of 5 mV.s-1. This observation is normally indicative of a surface confined redox
species [31]. It is therefore likely that at the NanoWeb modified electrode both solutionbound and surface-adsorbed species were contributing to the Faradaic response at slow
scan rates. However, a plot of anodic peak current vs. the square root of scan rate
appeared linear over the whole potential range as the voltammetry was dominated by
diffusion at higher scan rates (Figure 3.18) [28]. Similarly, linear relationships were
observed for both bare GC as well as GC electrodes modified with either SWCNTs or
graphene, despite the additional redox activity observed for the latter electrode. The
steeper gradients observed for the modified electrodes are indicative of their larger
electroactive surface areas. The latter were calculated from these gradients using a
literature value of 5.8 x 10-6 cm2.s-1 for the diffusion coefficient of ferrocenemethanol in
PBS [29], and are tabulated along with the normalised capacitances of each electrode in
Table 3.2.
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Figure 3.18: Randles-Sevcik plots for bare GC and modified GC disk electrodes immersed in deaerated
PBS containing 2 mM ferrocenemethanol. Error bars indicate ± 1 standard deviation.

The NanoWeb modified electrode displayed a far superior electroactive surface area,
having a value double that of the projected geometric surface area of 1 cm2. Somewhat
surprisingly, the graphene modified electrode displayed the smallest electroactive
surface area of the modified electrodes, despite having the largest apparent surface area
based upon its capacitance. The lack of a trend between the electroactive surface area
and capacitance of the electrodes obtained in section 3.4.6 is worthy of further
comment. Such a result is fairly typical of electrodes modified with nanostructured
carbons, and indicates that not all of the conductive electrode material is available as an
active site for electron exchange. This is especially apparent with the graphene modified
electrode. In this case, despite the capacitance indicating it had a surface area over eight
times greater than that of the SWCNT modified electrode, the apparent electroactive
area of the graphene modified electrode is actually less than that of the latter electrode.
This is more than likely due to the bulk of the graphene modified electrode being
comprised of basal plane graphene, which has been shown previously to have a poorer
ability to facilitate electron exchange reactions than edge plane sites [6]. The additional
redox peaks visible at E0’ ~ 0.4 V in Figure 3.16 provide evidence in support of this
theory. The small peak to peak separation of 28 mV is indicative of a surface adsorbed
redox species, while the large overpotential shift relative to the primary redox couple
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may point to a different redox environment.

Table 3.2: Comparison of capacitance and electroactive surface areas of both bare and modified GC
electrodes.

Electrode

Normalised
Capacitance (µF.cm-2)

Electroactive
Surface Area (cm-2)

Bare GC disk

68.7

0.98 **

SWCNT modified GC disk

243.2

1.68 **

Graphene modified GC
disk

1982.8

1.37 **

NanoWeb on GC plate
(1cm x 1cm)

1462.9

2.16 **

**

The electroactive surface area refers to the value that was obtained experimentally using a 3 mm
(0.0707 cm2) disk electrode that was then normalised via multiplication by a factor of 14.147.

To examine further the redox processes without capacitive and pseudo-capacitive
contributions, analysis of each of the electrodes 2nd and higher order harmonic
responses was conducted using solutions containing 0.2 mM or 2.0 mM
ferrocenemethanol in 0.1 M PBS. FTACV results obtained using GC electrodes
modified with graphene, SWCNTs and NanoWeb yielded spectra with broad and
unsymmetrical lobes, that contrast with the results obtained using unmodified
substrates. For example, while a NanoWeb modified GC electrode had an identical E0’
value to that obtained using an unmodified GC electrode, the individual 2nd harmonic
lobes of the modified substrate were much broader and did not possess the same level of
symmetry as the unmodified counterpart (Figure 3.19).
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Figure 3.19: Large amplitude 2nd harmonic Fourier transformed AC cyclic voltammograms obtained
using a bare GC (pink) and a NanoWeb modified GC electrode (blue) in deaerated 0.1 M PBS containing
0.2 mM ferrocenemethanol. The conditions employed were: ν = 26.08 mV.s-1, an AC sine-wave
perturbation with frequency (ƒ) = 20.81 Hz and amplitude (∆E) = 60 mV, and lower and upper potential
limits of -0.1 V and 0.6 V, respectively. All potentials are vs. a Ag/AgCl reference electrode.

Such a response has previously been attributed to kinetic and/or thermodynamic
dispersion, and in this case is indicative of the electrochemical heterogeneity of the
NanoWeb modified electrode. The latter is expected to be present in all of the modified
electrodes examined due to the varying amounts of basal and edge plane carbon present
in each of the nanostructured carbons, as well as differences in surface functional
groups and defects. It is important to note that the physical size of the electrode used in
FTACV experiments does not contribute to the observed lobe broadening nor the
unsymmetrical nature of the peaks. For example, experiments conducted using a 3 mm
GC disk electrode yield identical peak lobes to those obtained using a 1 cm2 GC
electrode (Figure 3.20).
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Figure 3.20: Large amplitude 2nd harmonic Fourier transformed AC cyclic voltammograms obtained
using bare GC electrodes of differing geometric size in deaerated 0.1 M PBS containing 0.2 mM
ferrocenemethanol. The conditions employed were: ν = 26.08 mV.s-1, an AC sine-wave perturbation with
frequency (ƒ) = 20.81 Hz and amplitude (∆E) = 60 mV, and lower and upper potential limits of -0.1 V
and 0.6 V, respectively. All potentials are vs. a Ag/AgCl reference electrode.

Estimates of the “apparent” standard electron transfer rate constant (k0app) for each of
the electrodes were obtained using the method of Nicholson and plots of ψ vs. ν-1/2
(section 2.6.3). These values are presented along with other electrochemical parameters
of note in Table 3.3. The term “apparent" is adopted here to reflect the fact that a single
rate constant value is unlikely to be indicative of the electron transfer kinetics over the
whole electrode. Rather, due to the electrodes more than likely behaving as an array of
microelectrodes, the determined rate constant is likely to be an average which reflects
variations in the electron transfer kinetics at different redox active sites on the electrode
surface. The results obtained indicated that the rate of electron transfer was fastest at the
unmodified GC electrode (0.45 cm.s-1). This value is comparable to the 0.2 cm.s-1
obtained by Bourdillon et al. at glassy carbon electrodes [32]. Graphene modified
electrodes displayed the most sluggish electron transfer kinetics, having an apparent
standard rate constant of 0.18 cm.s-1, which is slightly lower than that obtained using
electrodes modified with NanoWeb and SWCNTs (0.26 and 0.29 cm.s-1, respectively).
The standard rate constant for the NanoWeb material in this case was calculated using
results obtained with the lower concentration of redox mediator to minimise the current
drawn during experiments, and hence reduce ohmic drop effects.
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Table 3.3: Electrochemical parameters for bare and modified GC electrodes.

Electrode

E0′
(mV)

∆Ep
(mV)

Apparent Standard Rate
Constant, k0app

Bare GC disk

212 ± 2

63 ± 2

0.45 cm.s-1

SWCNT modified GC
disk

210 ± 5

66 ± 5

0.29 cm.s-1

Graphene modified GC
disk

222 ± 19

83 ± 19

0.18 cm.s-1

NanoWeb on GC plate
(1cm x 1cm)

212 ± 5

62 ± 5

0.26 cm.s-1

While simulations were conducted to confirm the capacitance, electroactive surface area
and rate constants obtained at each of the electrodes, a satisfactory simulation was only
obtained for all harmonics using the bare GC substrate (Figure 3.21). At all modified
electrodes, a unique value for each parameter was unable to be found that gave a
satisfactory fit for all of the DC, fundamental, 2nd and 3rd harmonics. This is a reflection
of the complexity of modelling the background capacitive and pseudo-capacitive current
contributions as well as the electrochemical heterogeneity present on all of the modified
electrodes.
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Figure 3.21: Large amplitude (a) 2nd and (b) 3rd harmonic Fourier transformed AC cyclic voltammograms
obtained using a bare GC electrode in deaerated 0.1 M PBS containing 0.2 mM ferrocenemethanol. The
conditions employed were: ν = 26.08 mV.s-1, an AC sine-wave perturbation with frequency (ƒ) = 20.81
Hz and amplitude (∆E) = 60 mV, and lower and upper potential limits of -0.1 V and 0.6 V, respectively.
Also shown are simulated results using parameters: ν = 26.08 mV.s-1, ƒ = 20.81 Hz, ∆E = 60 mV, A =
0.78 cm2, k0 = 0.45 cm.s-1, α = 0.5, Cdl = 68.7 µF.cm-2, and Ru = 15 Ω. All potentials are vs. a Ag/AgCl
reference electrode.
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Conclusion

The electroactive surface area of the NanoWeb material was found to be superior to that
of both SWCNT and graphene modified electrodes. In addition, the pseudo-capacitive
current attributable to surface functional groups was relatively small and easily removed
by employing the 3rd harmonic response of the material during large amplitude Fourier
transform AC voltammetry. While the presence of large capacitive currents can either
be of benefit or hindrance depending on the application of an electrode, the ability to
separate the capacitive response from the Faradaic component of the total current
response is a necessity. Although it did not display a capacitance as high as that of
graphene, the results of electrochemical investigations performed using the NanoWeb
modified GC electrode were generally superior. This was the result of a faster apparent
standard electron transfer rate constant, and no complicating additional redox responses
in CVs obtained using this electrode.

The above results and discussion indicates that the characterisation of electrodes
modified with nanostructured carbon materials is complicated by a number of factors.
The electrochemistry at such surfaces is likely to give rise to broad peaks and large peak
separations due to electrochemical heterogeneity over the electrode as well as, in some
cases, surface adsorption of the electroactive species. In addition, the sensitivity of
individual redox species to the surfaces of electrode materials is likely to vary widely.
While literature reports often include a comparison of electrochemical results obtained
using a standard redox couple and a novel electrode, with those obtained for a well
characterised electrode and the same redox couple, this is only valid for the latter
species. This is especially true of reports concerning the interaction between an
electrode and an enzymatic species whose redox centres are buried within an insulating
protein shell. For example, it is not pertinent to calculate the electroactive surface area
of an electrode using an inner sphere redox couple such as ferro/ferricyanide, when the
electrode is to be utilised as a platform at which to immobilise enzymes. Thus
throughout this thesis current values are normalised with respect to the apparent
geometric area of a particular electrode, not the determined electroactive area. In
addition, where a known amount of redox species is immobilised at an electrode
surface, the results are also normalised with respect to the mass of electroactive moiety
112

Chapter 3

Characterisation of NanoWeb Modified Electrodes

deposited. In this way, electrode performance can be evaluated in terms of the
effectiveness with which the electrode material can utilise the reaction components and
may offer a better basis for comparison with literature values.
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Introduction

The theoretical working potential of an enzymatic biofuel cell is dictated by the
difference between the formal redox potentials of the respective anodic and cathodic
enzyme species. As a consequence, working potentials of such biofuel cells are
notoriously low when compared to that of conventional battery-type devices utilising
inorganic reactions. In addition, the inaccessibility of the redox centre encountered for
most enzymes contributes further potential losses since the electron transfer between the
enzyme and electrode must be mediated by a diffusing redox species [1]. Thus the cell
potential becomes dependent upon the redox potential of the added mediator. The
addition of the extra redox species adds two further performance limiting constraints on
the biocatalytic reactions. Firstly, the species mediating the electron transfer between
the enzyme and electrode must diffuse to the active site of the enzyme, bind and then
extract the electron(s). It must then diffuse out of the enzyme to the electrode surface
where the electron(s) can be delivered to the external circuit. The added mass transport
process results in an additional overpotential contribution. Secondly, there must exist a
driving force for the electron transfer between the enzyme’s redox centre and the
mediator in the form of a non-zero potential difference between the formal potentials of
the two species [2]. The magnitude of this driving force has been shown experimentally
to heavily influence the performance of biocatalytic electrodes, especially when the
difference between the formal redox potentials of the two reactants is ≤ 300 mV [3]. For
example, the power density of laccase based electrodes was determined to be optimised
when the potential difference between the enzyme and mediator was of the order of 180
mV [3]. Thus a reduction in the cells operating potential arises from the required nonzero potential difference between the mediator and enzyme.

For these reasons, negating the need for a mediating species by electrically connecting
the redox group of an enzyme directly to an electrode is an attractive prospect for
improving the performance of current biofuel cell devices. Such a direct electron
transfer mechanism would greatly increase both the available working potential of the
fuel cell assembly as well as the rate of the catalytic reactions by dispensing with the
need for diffusion limited mediation events. However, it is a solution that has an
inherent problem. Logically, in order for a direct electron transfer reaction to occur,
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each enzymatic species is required to be directly connected to the electrode surface.
Thus a limitation in maximum current density exists due to the amount of enzyme able
to be physically connected to an electrode surface. This is especially apparent on
standard planar electrodes where an enzymatic species displaying a fast turnover rate of
500 electrons per second and occupying 100 nm2 on a planar electrode would still only
generate a current density of ~ 80 µA.cm-2 [4]. When immobilized on high surface area
electrodes, however, current densities from DET based enzyme electrodes have been
found to increase by up to nearly one order of magnitude in some cases [5].

Further performance limiting problems exist for biofuel cells that utilise cathodic
enzymes employing oxygen as the fuel substrate. The concentration of oxygen in
saturated aqueous solutions at room temperature is only ~ 1.2 – 1.4 mM, and its
diffusion coefficient is 2.5 x 10-5 cm2.s-1 [6, 7]. High surface concentrations of an
enzyme displaying a fast catalytic turnover rate will quickly result in a situation where
the reaction layer becomes starved of substrate oxygen molecules. Conventional
experimental techniques using flow-through cell assemblies or rotating apparatus, while
suitable for characterisation studies, do not really provide a realistic means of
overcoming mass transport limitations. New high electroactive surface area electrode
platforms combining nanostructured surface features with larger macro-sized
scaffolding offer the possibility of obtaining high current densities for use in biofuel
cells.

This chapter describes the bio-electrochemical properties of the NanoWeb electrode
material when deposited onto 3D macro-porous RVC and planar GC electrodes. The
study aims to investigate the effectiveness of the NanoWeb material for use as both an
anodic electrode for GOx based DET reactions as well as a cathodic electrode at which
molecular oxygen is able to be catalytically reduced by BOD without the need for redox
mediating species.
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Aims

The principle aim of this section of the thesis was to investigate the ability of the unique
architecture of the NanoWeb material to facilitate electrical contact between the
electrode and the redox centres embedded in either glucose oxidase or bilirubin oxidase.
A further aim was to determine whether the connected enzymes are still able to maintain
their native functionality and operate via a mediator-less reaction pathway.

4.3
4.3.1

Experimental
GOx Modified Electrodes

NanoWeb/RVC electrodes prepared as described in section 2.4.2 were covered with 42
µL of a solution consisting of 5 mg of GOx dissolved in 75 µL of 0.1 M PBS and 25 µL
of 5 % (w/w) Nafion solution. The latter mixture was observed to soak into the
structure. The electrode was then placed in a 4 °C fridge for approximately 2 hours until
the solvent had evaporated. Prior to testing whether the GOx was able to undergo DET
reactions with the NanoWeb, the electrodes were washed with 0.1 M PBS solution to
remove any non-immobilised GOx. Electrical connection to the GOx/Nafion modified
NanoWeb/RVC electrode in subsequent experiments was achieved by clamping the
electrode between two platinum plates using modified alligator clips. In all experiments
a sensing lead was attached to the working electrode lead in order to minimise contact
resistances.

4.3.2

BOD Modified Electrodes

In electrochemical experiments investigating the DET of BOD with the NanoWeb,
electrodes were modified with ~ 100 µg of purified BOD using a drop-casting approach.
The drop-cast solution was prepared by diluting 1µL of a 100 mg.mL-1 stock solution of
purified BOD in phosphate buffer with 20 µL of 20 mM phosphate buffer. The resulting
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solution was then cast onto the NanoWeb electrodes. After allowing the enzyme to
adsorb for ~ 10 minutes, the electrode was immersed in ~ 500 µL of fresh buffer
solution briefly to remove excess enzyme and then allowed to dry at 4 °C for 18 hours.
All electrodes were washed with fresh buffer immediately prior to experiments in order
to remove non-adsorbed enzyme. As a result of the drop casting and washing method,
the exact amount of enzyme deposited onto each electrode could not be quantified.

Electrochemical characterisation of BOD modified electrodes was conducted in a
thermo-jacketed electrochemical cell maintained at either 23 or 37 °C. Experiments
were conducted using a PC controlled CHI potentiostat (CH Instruments, Austin, TX,
model CHI 760C). The electrolyte was degassed using high purity argon for at least 15
minutes prior to experiments being conducted. In all experiments, electrodes were first
cycled between an initial potential of + 600 mV and 0 mV (potentials vs. Ag/AgCl) at a
scan rate of 5 mV.s-1 whilst under the argon atmosphere. Following these control
experiments, high purity oxygen was bubbled through the electrolyte for 15 minutes
before further CV experiments were conducted using the afore mentioned
electrochemical parameters. All experiments were conducted at scan rates ≤ 5 mV.s-1 so
that pseudo steady state conditions were achieved.
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Results and Discussion
DET Catalysis of Bilirubin Oxidase at NanoWeb Modified Electrodes

Experiments were conducted in order to determine whether or not the unique
architecture of the NanoWeb material would enable DET between the redox centre of
bilirubin oxidase from Myrothecium verrucaria and the electrode. Preliminary studies
were conducted on the NanoWeb material deposited onto 1 cm2 pieces of glassy carbon
(NanoWeb/GC) in order to have a fixed geometric surface area. Cyclic voltammograms
obtained from experiments conducted in argon purged electrolyte showed no Faradaic
electrochemical response attributable to the adsorbed BOD (Figure 4.1 (a)). An increase
in current was detected at the upper limits of the potential sweep, which was attributable
to the onset of solvent oxidation. In addition, a small reduction process was observed at
~ + 450 mV (Figure 4.1 (a)), presumably due to reduction of residual oxygen in the
NanoWeb. Similar reduction features have been previously described in the literature
for CVs obtained using silica sol-gel/CNT composite electrodes [8].

Experiments conducted in oxygen saturated electrolyte displayed a reduction current
beginning at an onset potential of ~ + 500 mV (Figure 4.1 (b)) which increased until a
potential of + 300 mV was reached. The current peaked at a value of ~ 145 µA.cm-2 at
0.24 V, and resembled that of a diffusion limited process. The large hysteresis in the
obtained CVs is attributable in part to the large capacitive contribution of the
nanostructured electrode and also to depletion of oxygen within the vicinity of the
electrode surface.
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Figure 4.1: Cyclic voltammograms obtained using a NanoWeb/GC electrode modified with BOD in a 20
mM phosphate buffer maintained at 23 °C. (a) CV obtained in the absence of oxygen. (b) CV obtained in
the presence of oxygen. All potentials are vs. Ag/AgCl. The scan rate used was 5 mV.s-1.

The onset potential of the reduction current (~ + 500 mV) is consistent with the model
that suggests it is the Type I copper site of the multi-copper oxidase that accepts
electrons from the electrode substrate [9]. In this model, the electrons are then
intramolecularly transferred to the Type 2/Type 3 copper cluster where they are used to
reduce molecular oxygen to water. However, a direct electrochemical response
attributable to the copper clusters was not observed when the electrode was cycled
under oxygen free conditions. Consequently, the actual mechanism of electron transfer
between the NanoWeb modified electrode and the BOD enzyme could not be
determined.

Continued cycling of the electrode resulted in the observed catalytic current peak
quickly decreasing in magnitude when compared to the initial result (Figure 4.2 (b))
within the space of an hour to a value of ~ 125 µA.cm-2 (Figure 4.2 (c)). After one day
throughout which multiple cycles were conducted, the current had further decreased to
around 70 µA.cm-2, reflecting the instability of the electrode (Figure 4.2 (d)). Such
behavior was more than likely due to desorption of the enzyme from the electrode rather
than the enzyme denaturing, as electrodes stored at a temperature of 4 °C and only used
periodically retained their activity to a greater extent.
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Figure 4.2: Cyclic voltammograms obtained using a BOD modified NanoWeb/GC electrode in argon and
oxygen saturated buffer. CVs were obtained in 20 mM phosphate buffer at room temperature (23 °C)
using a scan rate of 5 mV.s-1. All potentials are vs. Ag/AgCl.

An attempt at obtaining a quantitative interpretation of the current/potential curves
shown in Figure 4.2 was conducted via simulation. Data collected during the cathodic
sweep of the electrode (Figure 4.2 (c)) was fitted to equations 4.1, 4.2 and 4.3 using the
non-linear regression program, Origin®.

Equation 4.1:

i=

nFkc Γ
k
k
1+ c + b
kf kf

where; n, F, and Γ are the number of electrons transferred, the Faraday constant and the total surface
concentration of enzyme, respectively. kc, kf and kb are the catalytic rate constant for electron transfer
within the enzyme, and the rate constants of the forward and back reactions, respectively.

Equation 4.2:

k f = k 0 exp[−α (nF / RT )( E − E o ' )]

Equation 4.3:

kb = k 0 exp[(1 − α )(nF / RT )( E − E o ' )]

where; E°′, k0 and α are the formal potential of the Type 1 copper site of the enzyme (+ 0.46 V vs.
Ag/AgCl [10]), the standard surface electron transfer rate constant at the formal potential, and the transfer
coefficient, respectively.
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The catalytic rate constant, kc, in Equation 4.1 is a function of the intramolecular rate
constant for electron transfer between the T1 and T2/T3 cluster, and the intermolecular
rate constant for reduction of oxygen at the T2/T3 cluster (Figure 4.3). For these
calculations kc was assumed to be equal to 250 s-1, which is a literature value for the
maximum catalytic rate constant for BOD in solution [10]. The surface electron transfer
rate constants kf and kb were expressed as Butler-Volmer type expressions (Equation 4.2
and Equation 4.3, respectively).

Electrode

O2
k0
T2/T3

T1

kc
BOD

Cluster

2 H2O

Figure 4.3: Schematic illustration of the electron transfer processes involved in DET reduction of
molecular oxygen by BOD adsorbed onto an electrode.

Figure 4.4 compares the CV shown in Figure 4.2 (c) with the result of the simulation. A
value for the rate constant, k0, of 60 s-1, was determined which is similar to the 59 s-1
reported for BOD at silica sol-gel / carbon nanotube composite electrodes [8], though
lower than that reported for BOD at both edge and basal plane highly oriented pyrolytic
graphite electrodes (HOPGE) (170 s-1 and 70 s-1, respectively) [10]. It was, however,
higher than the value determined at GC electrodes (45 s-1) [10]. A value for the transfer
coefficient of 0.13 was obtained while the surface coverage of catalytically active
enzyme was determined to be 4.91 x 10-12 mol.cm-2. This equates to only 0.314 µg of
enzyme that is catalytically active on the electrode surface (assuming a BOD molecular
weight of 64 kDa [11]).
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Figure 4.4: Comparison between the experimental data and simulated results obtained for the cathodic
sweep of a BOD modified NanoWeb/GC electrode. The anodic sweep is included for illustration only.

This is much lower than the ~ 100 µg of enzyme originally deposited onto the electrode,
indicating that there was little retention of protein suitably orientated for a DET reaction
to take place. Since a planar electrode of identical dimensions could theoretically
support 5.3 x 10-12 mol.cm-2 of 6 nm diameter BOD molecules, based on a simple
monolayer packing model, the NanoWeb electrode would be expected to display a far
higher enzyme loading as a result of its much greater surface area [12]. Therefore
experiments were conducted to determine whether the poor enzyme loading was a result
of the washing step performed after the electrode modification procedure or a
consequence of unsuitable orientation of adsorbed enzyme on the electrode surface. To
do this, experiments were conducted in which the amount of enzyme loaded onto the
electrode was increased to either 200, 300 or 400 µg.cm-2. In addition, electrodes were
not subsequently washed before being allowed to dry. Cyclic voltammograms produced
using these electrodes displayed significantly less current than those obtained with
electrodes using less enzyme. A possible explanation for this surprising observation is
that more than a monolayer of BOD molecules was deposited onto the NanoWeb/RVC
electrode, with the excess enzyme impeding diffusion of substrate molecules to the
underlying BOD.

In an attempt to address the poor performance of the planar NanoWeb/GC electrode
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caused by limited diffusion of oxygen molecules to the enzyme, attention was then
diverted to the NanoWeb material deposited onto the much more porous RVC substrate.
It was hoped that the greater porosity of this electrode, combined with the
nanostructured architecture of the NanoWeb would increase the rate of diffusion of
oxygen to the immobilised enzyme and hence increase the catalytic current.
Experiments were performed with pieces of NanoWeb/RVC material cut so that the
projected surface area of electrodes was ~ 1 cm2, as calculated by Friedrich et al. from
theoretical and practical measurement of the geometric area by SEM [13]. The
capacitive current of the assembled NanoWeb/RVC electrode determined using cyclic
voltammetry, was similar to that obtained using standard, planar NanoWeb/GC
electrodes. Although the capacitive current is not an entirely accurate representation of
the materials geometric, real or electroactive surface area, it is a reasonable indicator
that the size of the NanoWeb/RVC pieces were at least of the same order of magnitude
as that of a planar 1 cm x 1 cm GC electrode.

Pieces of NanoWeb/RVC electrode were immobilised onto 5 mm GC disk electrodes
using carbon adhesive as outlined in section 4.3.2 and modified with BOD using an
identical procedure to that used with planar NanoWeb/GC electrodes. Owing to the
porous structure of the electrode material an even coverage of the drop cast solution
could not be obtained, despite the hydrophilic nature of the plasma treated
NanoWeb/RVC. However, immersing the electrode in a small volume of fresh buffer
solution before the drop-cast solution had completely dried helped to create a more
uniform surface coverage.

Control experiments were first conducted using electrodes consisting of BOD modified
bare GC, GC with carbon adhesive, and GC disks with unmodified RVC attached.
Cyclic voltammograms produced using these electrodes revealed no catalytic reduction
currents. For example, Figure 4.5 shows the results obtained using a bare GC electrode
and an unmodified RVC electrode, with 100 µg of purified BOD immobilised onto
them.
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Figure 4.5: (a) CVs obtained using a BOD modified GC electrode after immersion in oxygen saturated
(pink) and argon saturated phosphate buffer (blue). (b) CVs obtained using a BOD modified RVC
electrode after immersion in oxygen saturated (pink) and argon saturated phosphate buffer (blue).

The observation of very small or negligible oxygen reduction currents in any of the
control experiments confirms that the unmodified electrodes were incapable of any
significant direct electrical contact with the redox centre of the immobilised enzymes.
For example, a catalytic current of only ~ 1.5 µA.cm-2 (baseline subtracted) was
obtained using a bare 5 mm diameter GC electrode modified with BOD (Figure 4.5 (a)).
This may be compared to the ~ 125 µA.cm-2 (Figure 4.2 (c)) current density obtained
using a BOD modified NanoWeb/GC electrode. These results indicate that the unique
architecture and high surface area of the NanoWeb material is crucial for obtaining
large catalytic currents via a DET mechanism.

Cyclic voltammetry experiments conducted in oxygenated 20 mM phosphate buffer
using NanoWeb/RVC electrodes with immobilized BOD revealed a catalytic reduction
current beginning at ~ 500 mV (Figure 4.6 (c)). The onset of the reduction current
occurred at a similar potential to that when a

planar NanoWeb/GC electrode

configuration was used and is also similar to the onset potentials reported in the
literature for other carbon based electrodes [10, 14-16]. However, unlike the results
presented earlier in this chapter for planar NanoWeb/GC electrodes, potential
independent regions resulting from diffusion limited kinetics were not observed in the
cyclic voltammogram. Instead the CV revealed an almost linear dependence of the
observed current on the applied potential. Figure 4.6 shows the striking difference
between the current/potential profiles obtained using the two electrode platforms.
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Figure 4.6: CVs obtained with: (a) a BOD modified planar 1 cm x 1 cm NanoWeb/GC electrode under
argon saturated conditions; (b) the same electrode as in (a) but under oxygen saturated conditions; and (c)
a NanoWeb/RVC electrode with immobilised BOD in oxygen saturated buffer. All CVs were obtained
after immersion of the electrodes in 20 mM phosphate buffer at 23 °C. Scan rate was 5 mV.s-1 in each
case with all potentials being recorded vs. Ag/AgCl.

When compared to a planar NanoWeb/GC modified electrode containing an identical
amount (100 µg.cm-2) of adsorbed BOD, the catalytic current produced at a
NanoWeb/RVC electrode is more than doubled at the limit of the cathodic sweep (~ 272
µA.cm-2). Since an identical amount of enzyme was deposited on each electrode, the
increase in catalytic current indicates that the enzyme performs more effectively when
deposited onto NanoWeb/RVC. This could be due to greater mass transport of substrate
to the electrode surface. For example, the unique architecture consisting of NanoWeb
deposited on the macro-porous RVC structure may prevent the reaction layer becoming
devoid of oxygen. This would account for the absence of a diffusion limited plateau in
the CV shown in Figure 4.6 (c).

The unusual linear relationship between current and applied potential in the CV
obtained using the NanoWeb/RVC electrode merits further comment. Such a linear
response can be indicative of significant resistance within either the electrode assembly
itself or the electrolyte. However, the electrical contact between the RVC structure and
supporting GC disk presented a minimal resistance of < 1 Ω when measured using a
multimeter. This suggests that resistance in the electrode assembly was unlikely to be
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the cause of the irregular current/potential profile. As no supporting electrolyte was
added to the buffer solution used in these experiments, they were therefore repeated
using a phosphate buffer with a higher total concentration (100 mM), and with 0.14 M
sodium chloride also present. Figure 4.7 shows the results obtained using this higher
electrolyte concentration.
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Figure 4.7: Cyclic voltammogram obtained using a BOD modified NanoWeb/RVC electrode in oxygen
saturated, 100 mM phosphate buffer also containing 0.14 M NaCl. Scan rate was 5 mV.s-1. All potentials
are vs. Ag/AgCl.

The linear current/profile was still observed until a potential of ~ - 200 mV was reached,
at which point oxygen reduction begins to occur at the NanoWeb material itself. No
plateau current for oxygen reduction by the enzyme was observed in the potential range
investigated. Similar, although not as pronounced, linear relationships between current
and potential have been observed previously by Tsujimura et al. using high surface area
carbon aerogel electrodes [14]. These authors attributed the abnormal electrochemical
response to heterogeneous electron transfer kinetics arising from less than ideal, random
orientation of enzymes on the electrode surface. This situation is also likely to be
present in the entangled NanoWeb networks used here as they constitute an extremely
heterogeneous surface on which to adsorb the enzyme. The significant activation
overpotentials arising from such a surface, combined with the random orientation of the
adsorbed enzymes, could be responsible for the linear current/potential relationship
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observed. In addition, an uneven current distribution resulting from a heterogeneous
covering of enzyme, combined with the difficulty in maintaining an even potential
distribution over the surface of the NanoWeb/RVC, could contribute to the unusual
profile of the results observed [13].

To further examine whether the increases in catalytic current displayed by the
NanoWeb/RVC material in Figure 4.6 were attributable to enhanced mass transport of
oxygen, the experiment was repeated under rotating conditions. Such experiments
would increase the flux of substrate to the electrode surface, eliminating any diffusional
limitations on the obtained catalytic current. Figure 4.8 compares the cathodic sweeps of
CVs obtained using rotation speeds of 0, 500 and 1500 rpm. Although a small increase
in catalytic current was observed when a rotation speed of 500 rpm was employed, no
improvement was observed at higher rotational speeds. Such behavior has previously
been reported for mediator-less reactions between BOD immobilised in a film of polyL-lysine and a plastic-formed carbon electrode [17]. Furthermore, application of
rotation speeds faster than 1500 rpm actually resulted in the observed currents
decreasing slightly, presumably due to the enzyme being stripped from the electrode by
shear force.
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Figure 4.8: Cyclic voltammograms obtained using BOD modified NanoWeb/RVC electrodes immersed
in phosphate buffer. (a) background voltammogram conducted under argon and non-rotated conditions;
(b) voltammogram obtained without rotation in oxygen saturated electrolyte; (c) voltammogram acquired
at a rotation rate of 500 rpm in oxygen saturated buffer; (d) voltammogram obtained using the electrode at
a rotation speed of 1500 rpm in oxygen saturated electrolyte. All potentials are vs. Ag/AgCl with the
experiments being conducted at a scan rate of 5 mV.s-1. Only the cathodic sweep of each CV is shown in
each case for clarity.

132

Chapter 4

Direct Electron Transfer Catalysis at NanoWeb Modified Electrodes

While the porous structure of the RVC electrode might be expected to result in less than
ideal solution flow at high rotation speeds, the absence of a clear correlation between
rotation speed and catalytic current suggests that the unique architecture of the
NanoWeb/RVC electrodes is able to minimise the substrate diffusion limitations
associated with larger planar electrodes. It was also observed that the current/potential
profiles obtained became even more linear when CVs were obtained whilst the
electrodes were rotated. This perhaps reflects a kinetic limitation due to the afore
mentioned heterogeneity of the electrode surface.

In order to examine whether the electron transfer kinetics between the enzyme and
electrode were limiting the amount of current produced, experiments were also
conducted at an elevated temperature. The cathodic sweeps of CVs obtained using a
non-rotating electrode at 37 °C are shown in Figure 4.9. Comparison with the CV
obtained using a non-rotated electrode at 23 °C revealed an increase in catalytic current
of approximately 35 %. This is comparable to the improvements caused by rotating the
electrode at 500 rpm at the lower temperature. The cathodic sweep of the CV obtained
at 37 °C was slightly less linear than those described earlier which were obtained both
under rotating and non-rotating conditions. In addition, the onset of the reduction
current occurred at slightly lower overpotentials when the experiments were performed
at physiological temperature. This provides support for the conclusion that kinetic
limitations were impeding the electron transfer reaction at room temperature owing to
the electrochemical heterogeneity of the NanoWeb/RVC electrode. When the
experiment was repeated using a temperature of 37 °C and a rotation speed of 1500
rpm, the current increased slightly again, but decreased rapidly with continued cycling,
presumably due to rapid desorption/stripping of enzyme from the electrode.
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Figure 4.9: Cyclic voltammograms of BOD modified NanoWeb/RVC electrodes immersed in phosphate
buffer: (a) without oxygen present; (b) with oxygen present at room temperature (23 °C); and (c) with
oxygen present at physiological temperature (37 °C). All potentials are vs. Ag/AgCl and all experiments
were performed at a scan rate of 5 mV.s-1. Only the cathodic sweep of each CV is shown in each case for
clarity.

Another factor that was expected to influence mass transport of substrate and therefore
the catalytic current obtained was porosity of the underlying RVC substrate. To
investigate this, NanoWeb/RVC electrodes were prepared from pieces of RVC with two
different porosities; either 30 pores per inch (ppi) or 45 ppi. The pieces of RVC used
had similar geometric areas and similar masses so that direct comparisons between the
two could be drawn. The linear sweep voltammograms obtained using these two
electrodes are shown in Figure 4.10. Both exhibited similar electrochemical behavior
and capacitive currents. In addition, they showed similar catalytic currents, indicating
that the enzyme coverage was similar for both systems. Both electrodes, when cycled
under unstirred/non-rotated conditions, displayed a catalytic reduction current in the
presence of oxygen that showed evidence of mass transport limitations at potentials
more negative than + 0.3 V. The mass transport limitation at both substrates was not
very significant, however, as rotation of the electrodes at speeds of 500, 1000 and 1500
rpm resulted in an increase in catalytic current of approximately 30 %, which is similar
to that observed previously.
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Figure 4.10: CVs obtained using NanoWeb/RVC electrodes prepared using: (a) 30 ppi RVC; and (b) 45
ppi RVC. All potentials are vs. Ag/AgCl with the experiments being conducted at a scan rate of 5 mV.s-1
in phosphate buffer maintained at 23 °C.

In order to use the NanoWeb/RVC electrodes in a compartment-less biofuel cell, it will
be important that the presence of other fuel substrates in the cell electrolyte do not affect
the reduction of molecular oxygen. This was examined by introducing 50 mM Dglucose into the system and examining the effect on the resultant CV. Less than a 5 %
reduction in catalytic response was recorded when glucose was added, confirming that
glucose does not interfere to any great extent with the catalytic four electron reduction
of molecular oxygen by BOD.

An important property of any electrode to be used in a fuel cell is stability. To
determine how stable the NanoWeb/RVC electrodes described here are, an experiment
was performed where an electrode was poised at 0.2 V (vs. Ag/AgCl) over a period of
15 hours at a temperature of 37 °C. The results obtained are presented in the form of a
plot of catalytic current versus time, shown in Figure 4.11. The electrode showed a
significant loss of activity over the first hour of the experiment, and subsequently
continued to lose activity albeit at a slower rate. The poor stability of the electrode is
likely to be due to the enzyme desorbing from its surface during operation, as electrodes
stored at 4 °C and used intermittently retained their activity to a greater extent.
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Figure 4.11: Current density vs. time plot for a BOD modified NanoWeb/RVC electrode held at a
constant potential of 0.2 V at 37 °C for ~ 15 hours. Experiment conducted in a 20 mM phosphate buffer
with the potentials being recorded vs. Ag/AgCl.

4.4.2

Direct Electron Transfer from GOx at NanoWeb Modified Electrodes

Direct electron transfer from GOx immobilised in a Nafion film on NanoWeb/RVC
electrodes was first investigated using cyclic voltammetry in nitrogen purged 0.1 M
PBS buffer solution. The obtained voltammograms displayed clearly defined redox
peaks centered at ~ - 0.49 V, attributable to the redox activity of the FAD cofactor
(Figure 4.12). The formal potential of the couple is similar to that reported by other
groups using GOx immobilised onto electrodes via a polyhistidine tag [18], but
considerably more negative than the 0.44 V reported for GOx immobilised on other
platforms including carbon nanotube and polyaniline nanotube modified electrodes [6,
19, 20]. The redox peaks present in Figure 4.12 therefore suggest that DET is occurring
between the FAD cofactor embedded in the enzyme and the NanoWeb/RVC electrode.
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Figure 4.12: Cyclic voltammogram of GOx immobilised within a Nafion film on a NanoWeb/RVC
electrode. The voltammogram was obtained after immersing the electrode in an electrolyte consisting of
deaerated 0.1 M PBS buffer. All potentials are vs. Ag/AgCl. The scan rate was 5 mV.s-1.

The almost symmetrical “bell” shape exhibited by the redox peaks is indicative of a
surface confined process as is the peak separation (∆Ep) of 24 mV (which is less than
the 59/n mV expected for a reversible, diffusion controlled redox process) obtained at a
scan rate of 5 mV.s-1. The ratio of anodic to cathodic peak currents, ipa/ipc was 1.04 at
this scan rate indicating that the oxidised and reduced species are stable and do not
undergo any redox reactions with other solution components. A plot of anodic peak
current versus scan rate is shown in Figure 4.13 (b) and exhibits a linear relationship (R2
≥ 0.99). This confirms that the redox process was not diffusion controlled and was
indeed attributable to a surface confined redox species.
From the slope of this plot an approximate FAD-enzyme coverage of 0.9 x 10-12
mol.cm-2 was obtained using Equation 4.4, assuming that the reaction involved two
electrons as indicated in Equation 4.5. This indicates that only a small fraction of the
total of 1.33 x 10-8 moles of enzyme calculated to be initially deposited on the electrode
contributed to the observed DET response.
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ip =

Equation 4.4:

n 2 F 2 AΓν
4 RT

where ip is the peak current, n is the number of electrons transferred in the reaction, F is the Faraday
constant, A is the surface area of the electrode, Γ is the surface coverage of enzyme in mol.cm-2, R is the
universal gas constant, ν is the applied scan rate and T is the temperature in Kelvin.

FAD + 2 H + + 2e − ⇔ FADH 2

Equation 4.5:
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Figure 4.13: (a) Cyclic voltammograms of GOx immobilised within a Nafion film on a NanoWeb/RVC
electrode obtained at scan rates ranging from 25 – 250 mV.s-1. The experiments were conducted in a
deaerated 0.1 M PBS solution with all potentials vs. Ag/AgCl. (b) The corresponding plot of anodic peak
height vs. scan rate showing the linear dependence expected for a surface confined reaction.

The anodic and cathodic peak positions were found to depend on the scan rate applied
(Figure 4.14). Such a result typically indicates that the kinetics of the electron transfer
process are relatively slow, and quickly become quasi-reversible and then totally
irreversible at relatively high scan rates. A value for the electron transfer coefficient of
0.39, and electron transfer rate constants of 1.09 s-1 for the cathodic reaction and 1.12 s-1
for the anodic reaction were calculated using the Laviron method [21]. These values are
similar to those reported for the DET reaction between GOx and mesoporous silicaSBA-15 (3.89 s-1) [22], polyaniline nanotubes (6.3 ± 1.6 s−1) [23], and mesoporous
carbon (4.09 s-1) [24]. For the calculations used in this study, the formal potential, E0′,
was taken to be the value obtained at the slowest scan rate (5 mV.s-1). It should be noted
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that the presence of any ohmic drop through the RVC structure itself is likely to
contribute to the observed increase in ∆Ep. This adds uncertainty to the values of α and
ko, the transfer coefficient and electron transfer rate constant, respectively, obtained
through analysis of the effect of scan rate on ∆Ep.
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Figure 4.14: Effect of scan rate on the anodic and cathodic peak potentials of the FAD centre of GOx.
The y-axis represents the deviation of the redox peaks at a particular scan rate from the apparent formal
potential determined at a scan rate of 5 mV.s-1. The corresponding linear tangents at higher scan rates
were used to estimate the transfer coefficient and heterogeneous rate constant.

Introduction of glucose into the electrolyte did not result in an increase in the oxidative
current (Figure 4.15). Instead, the addition of substrate only produced an increase in the
peak separation from 24 to 30 mV, with a concomitant positive shift in the formal
potential of the couple from -0.49 V to - 0.47 V. This value is closer to that reported for
the native GOx redox couple in the literature [20]. Addition of glucose also caused the
ratio ipa/ipc to decrease from 1.04 to 0.88. This value is significantly different from unity,
indicating that one of the redox forms of the enzyme was reacting with a solution
species such as glucose.
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Figure 4.15: Cyclic voltammogram of GOx immobilised within a Nafion film on a NanoWeb/RVC
electrode. The experiment was conducted in a deaerated 0.1 M PBS solution containing 40 mM Dglucose. All potentials are vs. Ag/AgCl. The scan rate was 5 mV.s-1.

In order to confirm that the enzyme (GOx) was not denatured during electrode
preparation and had retained its catalytic activity, the GOx/Nafion modified
NanoWeb/RVC electrodes were characterised using potentiostatic methods. These
studies were conducted at an oxidative potential of - 0.42 V (vs. Ag/AgCl) in an
electrolyte consisting of 30 mL of deaerated 0.1 M PBS buffer. The experiments were
conducted under a strict nitrogen atmosphere as the system was extremely sensitive to
the presence of oxygen due to the NanoWeb material itself reducing oxygen at this
applied potential. Successive additions of 30 µL of a stock solution of 1 M D-glucose in
PBS that had been allowed to mutarotate overnight were made and the current allowed
to settle to a pseudo-steady state on each occasion (~ 3 minutes). Figure 4.16 (a) shows
the effect of glucose addition on normalised current density. The resulting
current/concentration profile is typical of that obtained when Michaelis-Menten kinetics
are being followed. This indicates that at least some of the immobilised enzyme is
retaining its catalytic activity towards D-glucose oxidation on the NanoWeb/RVC
electrode. The corresponding Lineweaver-Burk plot (Figure 4.16 (b)) shows deviation
from linearity (R2 = 0.97). This has been attributed in the literature to the interplay of
kinetics and diffusional processes near the electrode surface [25]. From this plot, an
apparent Michaelis-Menton constant (Kmapp) of 10.3 mM, and a maximum current
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density under substrate saturated conditions of 9.6 µA.cm-2, was calculated using the
double reciprocal electrochemical version of the Lineweaver-Burk plot (Equation 4.6)
[26].

1
1
K
× [S ]
=
+ m
iss imax
imax
app

Equation 4.6:

where; iss is the steady state current obtained after the addition of a glucose aliquot, imax is the maximum
current measured under substrate saturated conditions, [S] represents the substrate concentration and
Kmapp is the apparent Michaelis-Menton constant of the system as a whole rather than of the GOx itself.

The apparent Michaelis-Menton constant in this case represents the system as a whole
rather than the GOx itself [27]. However, the inherent amplification of experimental
errors associated with such a plot can give inaccurate results using this method.
Therefore non-linear regression was also used to calculate the kinetic parameters using
Equation 4.7 (Figure 4.16 (a)) [28].

iss =
Equation 4.7:

imax [S ]
app
K m + [S ]

where; iss is the steady state current obtained after the addition of a glucose aliquot, imax is the maximum
current measured under substrate saturated conditions, [S] represents the substrate concentration and
Kmapp is the apparent Michaelis-Menton constant of the system as a whole rather than of the GOx itself.

A maximum current density of 17 µA.cm-2 was determined using the non-linear
regression software, Origin®. This value, while higher than that calculated using the
Lineweaver-Burk method (9.6 µA.cm-2), is still very low considering the amount of
enzyme immobilised at the electrode surface. The value of Kmapp determined using nonlinear regression was 23.8 mM. This is also higher than the value obtained by
extrapolation of the Lineweaver-Burk plot (10.3 mM).

141

Chapter 4

Direct Electron Transfer Catalysis at NanoWeb Modified Electrodes

1.4

8

Experimental Data

7

Simulation

1.2
1.0

6
-1
1 / Iss (µA )

Normalised Current (µA.cm-2)

9

5
4
3

0.8
0.6
0.4

2

0.2

1
0

0.0

0

2

4

6

8

10

12

14

16

[glucose] (mM)

(a)

18

20

22

24

26

0

0.2

0.4

0.6
0.8
1 / [glucose] (mM-1)

1

1.2

(b)

Figure 4.16: (a) Normalized current/concentration profile obtained using a GOx/Nafion modified
NanoWeb/RVC electrode in response to the successive addition of 1 mM glucose to a 0.1 M PBS buffer.
The experiments were conducted potentiostatically in anaerobic 0.1 M PBS buffer (pH 7.4) using an
applied potential of - 0.42 V (vs. Ag/AgCl).

Additional evidence of retention of the enzyme’s catalytic activity was provided by CV
experiments performed using the GOx/Nafion modified NanoWeb/RVC immersed in
0.1 M PBS solution containing 40 mM D-glucose and 0.5 mM ferrocenemethanol
(Figure 4.17). The voltammograms produced displayed the expected catalytic responses,
indicating that the GOx immobilised on the NanoWeb/RVC electrode did indeed retain
catalytic activity. Unfortunately the latter method does not provide any information as
to why a catalytic oxidative wave is absent upon the introduction of glucose, as shown
previously in Figure 4.15. Instead the observed electrochemical response is more likely
due to GOx within the film that is not in intimate contact with the electrode surface.
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Figure 4.17: CVs of Nafion/GOx deposited onto NanoWeb/RVC. The experiment was conducted in
anaerobic 0.1 M PBS buffer (pH 7.4) containing 40 mM D-glucose and 0.5 mM ferrocenemethanol at a
scan rate of 5 mV.s-1. Potentials are vs. a Ag/AgCl reference electrode.

The distorted voltammograms shown in Figure 4.17 are a result of the electrochemical
signal being affected by both diffusional and kinetic contributions owing to the large,
heterogeneous surface of the NanoWeb/RVC electrode. These effects are further
magnified by the non-uniform covering of the NanoWeb material by the GOx/Nafion
polymer (Figure 4.18). This is a result of the drop casting method used to prepare the
electrodes.

(a)

(b)

Figure 4.18: SEM images of the GOx/Nafion polymer deposited on a NanoWeb/RVC electrode showing
the heterogeneity of the coating. The scale bar in (a) is 3.0 µm, while that in (b) is 3.7 µm.
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There are several possible reasons for the lack of an electrochemical response via a DET
mechanism upon the addition of glucose. Firstly, the enzyme and electrode may only be
communicating via a one electron transfer process. This would lead to the semiquinone
intermediate (FADH•) which would not result in a catalytic signal upon the addition of
glucose since this species cannot readily oxidise the substrate. One way of determining
whether this hypothesis is correct is to monitor the effect of pH on the anodic and
cathodic peak potentials. According to Equation 4.8 a plot of the anodic or cathodic
peak positions vs. pH should yield a straight line, the gradient of which will be equal to
~ 59 mV.pH-1 for a reversible, one-electron coupled to one proton, transfer process [26].

Equation 4.8:

dE
RT
= 2.303
d ( pH )
nF

where: dE is the change in potential for a shift in pH, d(pH). F is the Faraday constant, R is the universal
gas constant and T is the temperature in Kelvin.

To examine the mechanism of electron transfer between GOx and the NanoWeb/RVC,
electrodes composed of the latter material were placed in a 0.1 M PBS solution
containing 50 mg.mL-1 GOx for 30 minutes at 4 ºC to allow the protein to adsorb to the
surface of the electrode. The latter was then removed and washed thoroughly with fresh
MilliQ water before being placed in buffered solutions of various pH and subjected to
potential cycling between - 700 mV and - 200 mV. Typical results obtained from these
experiments, and the corresponding dE/d(pH) plot are shown in Figure 4.19. Both the
anodic and cathodic peak potentials vary in a linear fashion (R2 ≥ 0.99) with pH. The
slopes of these plots yielded values of - 59.5 mV.pH-1 and - 55.8 mV.pH-1, respectively,
confirming that the reaction between the GOx and NanoWeb/RVC is a reversible oneelectron coupled to one proton transfer process.
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Figure 4.19: (a) CVs obtained using a NanoWeb/RVC electrode with adsorbed GOx, after immersion in
buffer solutions of varying pH. CVs were recorded using a scan rate of 5 mV.s-1 and some currents have
been normalised for clarity. (b) Plots of peak potential versus pH derived using the data shown in (a).

A second explanation for the absence of an oxidative response upon the introduction of
glucose into the electrolyte, is that the FAD is no longer bound to the enzyme. In this
case a layer containing native GOx, apo-protein and free FAD may be present on the
electrode surface (Figure 4.20). Cyclic voltammetry experiments performed with such
an electrode might show the reversible redox couple arising from the free FAD moiety,
which could be mistakenly interpreted as arising from DET between the native GOx and
the electrode. One method of determining whether or not this has occurred is to use the
same electrode to examine the redox chemistry of adsorbed FAD, and compare the
results obtained to those observed after the enzyme had been adsorbed. A significant
difference between the electrochemical results obtained should be detected due to the
overpotential required to drive electron transfer from FAD through an insulating
enzyme shell to the electrode. However, evidence both for and against a detectable shift
in formal redox potential has been reported in the literature for experiments performed
in this fashion [6, 29].
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Figure 4.20: Illustration depicting the possible adsorption of native and apo-GOx alongside free FAD on
an electrode surface. In this case it is possible that the redox activity is attributable only to free, noncatalytically active FAD.

Some literature reports describe results obtained by performing glucose addition
experiments on the prepared electrode in the same fashion as conducted in this work
(see Figure 4.16) [18, 19, 26, 30, 31]. The results presented in this thesis, and those
described in the literature, indicate that only a small percentage of GOx molecules
deposited are suitably orientated to actually be intimately connected to the electrode.
Alternatively, using this method it may be possible that small amounts of reduced FAD
diffuse away from the enzyme to the electrode after the catalytic glucose oxidation
reaction.

The absence of evidence for a DET mechanism, in the form of a catalytic current
observed after introduction of glucose into the electrolyte, has been reported previously
[20]. Most studies have focused on the development of GOx electrodes capable of
oxidizing substrates by a DET mechanism for use as biosensors. However, in these
cases the catalytic oxidative current expected to result from the addition of β-D-glucose
is never directly observed. Instead, what is often reported is a decrease in reductive
currents upon the addition of glucose in an oxygenated electrolyte. However, the major
contributor of cathodic current in these cases is the two electron reduction of oxygen to
hydrogen peroxide at the electrode surface itself. Reductions in cathodic current upon
the addition of glucose are therefore simply a result of a decrease in the number of
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oxygen molecules undergoing reduction at the electrode surface [32]. Such depletion
arises since oxygen is consumed by reduced enzyme according to Equation 4.9.

GOxFAD + D − glucose → GOxFADH 2 + gluconolactone
Equation 4.9

GOxFADH 2 + O2 → GOxFAD + H 2O

Thus the observed response is not a direct electrochemical response resulting from the
interaction of the protein with the electrode. Although the magnitude of the
electrochemical signal in this case will be directly related to the concentration of
glucose in the system, and hence enable it to be used as a glucose biosensor, a direct
oxidative response from the immobilised enzyme is not observed. As a result the system
lacks the necessary electrical communication for it to act as an anode in a glucose based
biofuel cell.

4.5

Conclusions

The maximum catalytic current density obtained for oxygen reduction via a DET
mechanism between BOD and the NanoWeb material was ~ 270 µA.cm-2. This current
density was obtained without the need for mechanical agitation of the electrolyte or
electrode assembly. Such a result compares favorably with other current density values
produced using DET reactions between oxygen reducing enzymes and carbon based
electrodes reported in the literature. For example, 80 µA.cm-2 was produced by BOD
adsorbed on 3–mercaptopropionic acid modified gold electrodes [9], 35 µA.cm-2

was
-2

reported for BOD on a spectrographic graphite electrode [15], and 140 µA.cm was
reported by Lim et al. for BOD immobilised in silica sol-gel/carbon nanotube
composites [8]. Although the maximum current density of ~ 270 µA.cm-2 obtained
using the BOD modified NanoWeb/RVC electrode is not as high as either the gold
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nanoparticle modified electrodes reported by Murata et al. (5.2 mA.cm-2), nor the
carbon aerogel electrodes reported by Tsujimura et al. (3.5 mA.cm-2), it must be noted
that the values recorded in this study were obtained under non-rotated conditions [14,
33]. The unique hierarchical architecture of the NanoWeb material when deposited onto
RVC allowed for significant catalytic currents to be obtained without the need for
rotation or use of a flow-through cell configuration. Such a property represents a
significant benefit to biofuel cell design.

The results obtained using GOx immobilised onto the NanoWeb suggest that the
observation of redox activity attributable to the enzymes redox centre does not
necessarily indicate an ability to catalyse a reaction via a mediator-less mechanism.
However, to date there are only a handful of reports that provide convincing evidence
that a catalytic current can be obtained using GOx via a DET mechanism at potentials
close to that of the formal redox potential of its redox centre [19, 34, 35]. Of these, only
those in which the GOx enzyme itself was modified by way of deglycosylation of the
protein’s insulating shell have convincingly demonstrated the ability to achieve
significant DET currents [35]. Thus, despite the prepared NanoWeb/RVC electrodes
exhibiting redox activity attributable to the redox centre of GOx, the lack of a
significant catalytic current upon the introduction of glucose into the system suggests
that the material may be unsuitable for use as a DET anode in a biofuel cell. Although
the material may be suitable for biosensor applications, this avenue was not explored
further since it was not an objective of this work.
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Introduction

The poor lifetime and stability of enzymes used in biofuel cells are a primary concern in
fuel cell development, and perhaps currently the biggest inhibitor of widespread
adoption of such devices. The denaturation and inactivation of enzymes ultimately leads
to complete failure of assembled devices, typically within the space of a few days or
weeks. Although research in this area has shown that improvements in enzyme lifetime
can be achieved by a variety of ways including entrapment and covalent binding of
enzymes to electrodes, strategies based upon finding new enzyme-stabilising
electrolytes are also proving to be successful [1, 2]. Ionic liquids, in particular, have
recently gained recognition for their ability to improve enzyme lifetime.

As discussed in chapter 1, section 1.8.2, the literature concerning the catalytic oxidation
of glucose by glucose oxidase in an IL electrolyte is limited in scope. The few studies
that have appeared discuss almost exclusively the use of ILs comprised of derivatised
imidazolium

cations,

such

as

1-ethyl-3-methylimidazolium

and

1-butyl-3-

methylimidazolium, with tetrafluoroborate or acetate anions [3-7]. However, such ILs
are typically quite hydrophobic and as a consequence, their ability to solubilise
biological molecules is often low. In addition, use of these ILs can lead to changes in
the integrity of enzymes, which often results in a loss of function. This occurs as a result
of the ability of the hydrophobic IL to strip essential water molecules from the enzyme
surface in a fashion similar to that observed in polar organic solvents [8]. As a result,
hydrophobic ionic liquids must be heavily hydrated in order to both solubilise GOx and
ensure it retains water molecules essential to its function. Typical water contents for
these hydrated systems are normally high, particularly when GOx is the enzyme being
solubilised. For example, the maximum IL content reported present in a mixed
IL/aqueous system used for GOx catalysis was only 20 % (v/v) [6]. Such electrolytes
are perhaps more realistically thought of as aqueous solutions containing a relatively
high (~ 1 M concentration) of salt. Therefore the difficulty in finding a suitable ionic
liquid that can solubilise all of the components of a biofuel cell without the need for
significant amounts of water to be also present remains elusive.

A possible solution to this problem is through the use of hydrophilic ILs, in particular
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those comprised of anions and cations known to be biocompatible. Literature reports
that describe the use of this strategy with other proteins and enzymes such as
cytochrome c and lysozyme have already been presented [9, 10]. Choline dihydrogen
phosphate (ChDHP) is an example of a biocompatible IL that is also hydrophilic. It has
a melting point of ~ 180 °C, and is therefore more correctly classified as a molten salt as
noted previously in chapter 1. However, the compound is so hygroscopic that the small
amount of water required for the solid-liquid phase transition to occur has resulted in
some flexibility with respect to the naming convention [11].

5.2

Aims

The aims of the work presented in this chapter were to characterise and evaluate the
ionic liquid choline dihydrogen phosphate (ChDHP) as an electrolyte for GOx based
electrocatalysis. The IL was dissolved in 0.1 M phosphate buffer to form solutions with
a variety of concentrations ranging from 10 % (w/w) ChDHP to as high as 80 % (w/w).
The suitability of these hydrated systems for use as an electrolyte in which to conduct
biocatalysis was evaluated after considering the mixture’s physical and electrochemical
properties as well as their inherent biocompatibility towards glucose oxidase.
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Experimental
Reagents

Choline dihydrogen phosphate was provided by Dr Vijay Ranganathan, of the Monash
University Ionic Liquids research group, who prepared the material using a literature
preparation procedure [9]. The hygroscopic solid compound was stored under nitrogen
and periodically placed in a vacuum oven at 90 °C for 1 hr to remove any traces of
water. The other ionic liquids used in this study are listed below, and were purchased
from Merck and used as received:

1) 1-methyl-3-propylimidazolium iodide
2) 1-ethyl-3-methylimidazolium trifluoroacetate
3) 1-butyl-3-methylimidazolium hexafluorophosphate
4) 1-propyl-3-methylimidazolium iodide
5) 1-ethyl-3-methylimidazolium thiocyanate
6) 1-butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide

5.3.2

Hydrated ChDHP Solutions

In all experiments involving the use of hydrated ChDHP, dilution of the IL was
accomplished using a 0.1 M PBS solution rather than MilliQ water. The preparation of
hydrated IL solutions was conducted in this manner since the use of PBS rather than
water was found to result in slightly less viscous electrolytes. Due to the small cell
volume, solid β-D-glucose was used as the fuel in each experiment so that dilution of
the electrolyte with a stock solution of glucose that had been allowed to mutarotate was
not required. Although it was recognised that some mutarotation would occur during
experiments and electrolyte storage, the concentration was kept sufficiently high in all
cases to ensure pseudo-first order reaction conditions were maintained. In hydrated
ChDHP solutions containing ≥ 60 % (w/w) ChDHP, it was necessary to use mild bath
sonication in order to solubilise other solution components such as redox mediators. In
studies where the enzyme was also in solution, the mixtures were sonicated prior to the
enzyme being added. Brief (3 second) periods of vortex stirring were used to ensure that
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the mixture was homogeneous prior to experiments being performed.

5.3.3

Electrode Preparation

Bare GC electrodes of 3 mm diameter were polished sequentially with 1, 0.5 and 0.03
µm alumina/MilliQ water slurry and then rinsed and sonicated for ten minutes in MilliQ
water to remove excess alumina. The electrodes were then dried and polished using
laboratory Kimwipe tissue before use. Where enzyme modified electrodes were used,
GOx was immobilised onto the electrodes by dissolving 5 mg of GOx in 75 µL of PBS
buffer (pH 7.4, 0.1 M) and 25 µL of 5 % (w/w) Nafion solution (mixture of water and
lower aliphatic alcohols). 3 µL of the resulting solution was then drop-cast onto the
electrode surface and allowed to dry at room temperature.

5.3.4

Conductivity Measurements

A micro-conductivity probe having 0.7 mm diameter platinum wire electrodes encased
in a glass tube of dimensions 50 x 10 mm was utilised. Electrical conductivity was
measured at 23 and 37 °C (296 and 310 K) for ChDHP concentrations of 10, 20, 40, 60
and 80 % (w/w) ChDHP via AC impedance measurements. The latter were performed
using a Solartron SI 1260 Impedance/Gain-Phase Analyser with Solartron 1296
dielectric interface and an in-house developed temperature controller utilising a
OneTemp temperature probe. Measurements were conducted in the frequency range
0.01 Hz to 1 MHz.

5.3.5

Density Measurements

Density measurements were conducted using an Anton Paar DMA 5000 Density Meter.
1 mL of the electrolyte to be measured was injected into the system and the density
recorded between 20 – 40 °C at 2 °C intervals.
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Viscosity Measurements

The viscosity (η) of prepared solutions was measured using an Anton Paar Automated
Micro Viscometer using the ball drop method and Stokes equation, shown in Equation
5.1.

Equation 5.1:

2
2 r g ( ρb − ρ f )
Vs =
9
κµ

where Vs is the terminal velocity (m.s-1) of the falling ball, r is the radius of the ball (m), g is the
gravitational acceleration (m.s-2), ρb is the density of the ball (kg.m-3), ρf is the fluid density (kg.m-3), µ is
the dynamic fluid viscosity (Pa.s) and κ are correctional factors unique to each system that correct for
effects not included in Stokes’ original formulation [12].

5.3.7

Electrochemical Cell

All experiments using ionic liquids were conducted in a small volume electrochemical
cell that was temperature controlled. The setup consisted of a small plastic cell (volume
= 2 mL) inserted into a water bath kept at a constant temperature. Temperature was
controlled using a Heidolph MR Hei-Standard hotplate with EKT Hei-Con temperature
unit and probe (Figure 5.1). Using this method the IL solution was kept at a temperature
of either 37 ± 3 °C or 23 ± 2 °C. The temperature of the IL solution was tested
periodically to ensure that it remained within the intended temperature range. In all
cases, 1.5 mL of ionic liquid was used and the solution purged with nitrogen for at least
15 minutes prior to commencing an experiment. Nitrogen was left flowing over the cell
to ensure that an inert atmosphere was maintained above the electrolyte throughout all
experiments. A Ag/AgCl reference electrode with 3 M NaCl salt bridge was used in all
electrochemical studies with a piece of platinum mesh (1 cm x 1 cm) serving as the
auxiliary electrode. The glass frit of the reference electrode was cut at an angle, and
then carefully positioned close to the surface of the working electrode to minimise
ohmic drop. To further reduce any resistive effects of the electrolyte, the auxiliary
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electrode was positioned ≤ 0.5 cm from the working electrode.

3 mm GC disk
electrode

1cm x 1cm Pt
mesh

Ag/AgCl reference
electrode with 3 M
NaCl salt bride.
Temperature probe

Plastic
electrochemical
cell
Magnetic flea

Glass electrochemical
cell.

Figure 5.1: Schematic of the cell setup used for experiments conducted in ionic liquids.

5.4

Results and Discussion

Throughout the course of this study, a number of ionic liquids (ILs) were investigated as
possible electrolytes in which to examine the catalytic oxidation of glucose by GOx.
The ILs numbered 1-6 in the list below were chosen for investigation owing to the
similar structure of their cations to those of ionic liquids used previously in studies
involving GOx [3-7]. The seventh IL in the list below was also investigated due to
recent reports indicating that it is biocompatible with enzymes [9, 11].

1) 1-methyl-3-propylimidazolium iodide
2) 1-ethyl-3-methylimidazolium trifluoroacetate
3) 1-butyl-3-methylimidazolium hexafluorophosphate
4) 1-propyl-3-methylimidazolium iodide
5) 1-ethyl-3-methylimidazolium thiocyanate
6) 1-butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
7) Choline dihydrogen phosphate
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The suitability of the ILs to act as a reaction medium for GOx catalysed reactions
depends, first of all, on their ability to solubilise glucose, ferrocenemethanol (or other
mediator) and glucose oxidase. All of the imidazolium and pyrrolidinium based ILs
listed could not dissolve either GOx or glucose. In addition, ChDHP was found to be a
solid at room temperature with a melting point of 180 °C ± 3 °C. Therefore water would
also need to be present with these ionic liquids if the latter are to be used to conduct
catalytic reactions. However, ILs comprised of cations with alkyl substituents
containing four or more carbon atoms were not miscible with water. Therefore both 1butyl-3-methylimidazolium hexafluorophosphate and 1-butyl-3-methylpyrrolidinium
bis(trifluoromethylsulfonyl) imide (ILs 3 and 6) were immediately deemed unsuitable
for further studies of GOx catalysis. The remaining ILs were found to be sufficiently
miscible with water to allow production of 50 % (w/w) or 75 % (w/w) IL/water mixed
solvent systems.

It was subsequently found that 75 % (w/w) IL/water mixtures produced using ILs 1, 2,
4, 5 and 7 could be used to dissolve GOx, ferrocenemethanol and β-D-glucose.
Production of these solutions required the use of mild bath sonication. Although
sonication of GOx has been demonstrated to result in loss of some catalytic activity, the
exposure time was kept sufficiently short (< 2 minutes) to minimise enzyme
deactivation [13]. While solid ferrocenemethanol could be dissolved in IL/water
mixtures produced using ILs 1, 2, 4, 5 and 7, only those produced using ChDHP or 1ethyl-3-methylimidazolium

thiocyanate

were

found

to

also

solubilise

the

ferriceniummethanol generated by the electrochemical oxidation of ferrocenemethanol.
For the remainder a red solution/precipitate was observed to bleed from the working
electrode during experiments in which oxidising potentials were applied. As a result, the
electrochemical response of the ferrocene derivative were either of very poor quality or
absent in cyclic voltammetry experiments. This effectively ruled out ILs 1, 2 and 4 from
further consideration, leaving only ILs 5 and 7. The IL 1-ethyl-3-methylimidazolium
thiocyanate was found to be a suitable electrolyte for both oxidised and reduced
ferrocenemethanol,

however,

no

electrocatalysis

was

observed

when

cyclic

voltammograms were obtained after both GOx and sufficient glucose to produce a 40
mM β-D-glucose solution was added (Figure 5.2). Further experiments performed using
lower IL concentrations yielded similar results, suggesting that GOx was unable to
maintain its native function in this electrolyte.
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Figure 5.2: CVs obtained using a GC electrode immersed in 75 % (w/w) 1-ethyl-3-methylimidazolium
thiocyanate/water containing 0.5 mM ferrocenemethanol and 40 mM β-D-glucose both with and without
1 mg.mL-1 GOx. All potentials were recorded vs. Ag/AgCl. A scan rate of 10 mV.s-1 was employed.

In contrast, hydrated ChDHP solutions were found to be suitable electrolytes in which
to examine the catalytic oxidation of glucose by the enzyme glucose oxidase. Initial
cyclic voltammetry experiments were conducted using GC electrodes immersed in a 50
% (w/w) ChDHP/water solution containing 0.5 mM ferrocenemethanol, 40 mM β-Dglucose and 1 mg.mL-1 GOx displayed the typical voltammetric response expected for
catalytic oxidation of glucose by the enzyme (Figure 5.3). Thus, of all the ILs
mentioned previously, only ChDHP was found to be suitable for producing a mixed
IL/water solvent system in which experiments could be conducted with GOx. Therefore
it was the only IL to be investigated further in this work.
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Figure 5.3: Cyclic voltammograms obtained using a GC electrode immersed in 50 % (w/w) ChDHP/0.1
M PBS solutions containing: (a) no electroactive species, (b) 0.5 mM ferrocenemethanol and 1 mg.mL-1
GOx and (c) 0.5 mM ferrocenemethanol, 1 mg.mL-1 GOx and 40 mM glucose. All voltammograms were
obtained using a scan rate of 10 mV.s-1. All potentials were recorded vs. Ag/AgCl.

5.4.1

Characterisation of ChDHP

The physical and electrochemical properties of hydrated ChDHP solutions containing
different amounts of the two components were investigated in order to assess their
suitability for further catalytic studies involving GOx. In the following sections their
properties are compared to those of other hydrated IL systems, as well as “pure” IL
electrolytes reported in the literature.

5.4.1.1 Density and Volume Measurements of ChDHP Solutions

The density (ρ) of the electrolyte used in a fuel cell is an important consideration to take
into account since weight factors are a primary concern in the development of devices
for portable applications [14]. Higher density electrolytes will result in a larger mass for
any given volume making lower density media more desirable in most application areas.
The density of ILs generally increase as the length of alkyl chains attached to either the
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cation or anion are decreased [15]. Similarly, the density of ILs has been shown to
increase with increasing molar mass of the anion. The short alkyl chain of the choline
cation, and absence of any such group on the dihydrogen phosphate anion, therefore
suggest that the density of ChDHP would be quite high. The molar mass of the anion,
however, is smaller than that of many of the more common IL anions encountered in the
literature,

including

hexafluorophosphate,

bis(trifluoromethylsulfonyl)imide

and

tris(perfluoroethyl)trifluorophosphate. Therefore the density of ChDHP was predicted to
be in the midrange of values reported for other common ILs. These can be as low as 1
g.cm-3 for 1-hexyl-3-methylimidazolium chloride and as high as 1.6 g.cm-3 for 1-hexyl3-methylimidazolium tris(perfluoroethyl)trifluorophosphate [16, 17]. The extent of
hydration of ChDHP using 0.1 M phosphate buffer as a co-solvent was also expected to
significantly lower the density of the mixed solvent systems used in this study [17].

The density of five hydrated ChDHP solvent systems containing 80, 60, 40, 20 and 10
% (w/w) ChDHP/0.1 M PBS were examined in order to determine the effect of varying
the amount of IL and water. Density measurements were obtained over the temperature
range 20 ºC – 40 ºC, and showed that the density of the mixed systems decreased
slightly with increasing temperature (Figure 5.4). This observation is in agreement with
literature results obtained using pure ILs [18].

1.35
1.3
80% ChDHP
1.25
Density (g.cm-3)

60% ChDHP
1.2
40% ChDHP
1.15
20% ChDHP
1.1
10% ChDHP
1.05
PBS Buffer
1
0.95
15

20

25

30
35
Temperature (°C)

40

45

Figure 5.4: Effect of temperature on the density of solvent systems containing different amounts of
ChDHP and 0.1 M PBS.
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The density of each solution at 30 ºC showed a linear dependence on the weight fraction
of ChDHP due to simple laws of additivity (Figure 5.5) [14]. Extrapolation of the
plotted data enabled a value of 1.35 g.cm-3 to be estimated for the density of pure
ChDHP at 30 °C. Similarly, extrapolation of an identical plot using values calculated
from Figure 5.4 for 23 °C yielded a density of 1.36 g.cm-3 for solid ChDHP. As
predicted earlier, these values are in the midrange of densities reported for other ILs,
and similar to that of other organic electrolytes such as ethylene carbonate used in
current Li-ion batteries. Hence, the densities of hydrated ChDHP solutions are not
expected to pose any issues in a fuel cell device.
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Figure 5.5: Effect of ChDHP weight fraction on the density of hydrated ChDHP solutions at 30 °C.

An important consideration in fuel cell design is the total volume occupied by its
components. Since each of the electrolytes described in the previous section were
prepared by measuring the mass of both water and ChDHP, the volume contraction
caused by the addition of the higher density IL must be taken into account when
calculating concentrations of dissolved components such as GOx, redox mediator and
glucose. This was accomplished by calculating the molar volume of the solutions. For a
mixture containing N components, the molar volume can be determined using Equation
5.2.
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N

Vm =

Equation 5.2:

∑x M
i =1

i

i

ρ mixture

where; Vm is the molar volume of the mixture containing N components, x and M are the mole fraction
and molar mass of component i, respectively, and ρmixture is the measured density of the mixture.

Figure 5.6 shows the effect of increasing the amount of ChDHP in the mixture on the
molar volume. The non-linear plot obtained signifies that the volume contraction
evident at higher weight fractions of IL is not caused just by the addition of a compound
with a greater density to the mixture. This may be a result of aggregation of ions at
higher ChDHP concentrations. Such interactions would be expected to influence both
the viscosity and conductivity of IL solutions.
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Figure 5.6: Effect of ChDHP weight fraction on the molar volume of hydrated ChDHP solutions.
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5.4.1.2 Viscosity Measurements of ChDHP Solutions

The densities reported in the previous section were used to calculate the viscosity (η) of
the solutions using the ball drop method and the Stokes equation as outlined in section
5.2.6. High viscosity electrolytes tend to suffer from reduced rates of diffusion of
reactant molecules, which can significantly retard the rates of chemical reactions and
reduce the performance of fuel cell assemblies due to low current densities. In addition,
high ohmic (iR) drops that cause non-steady state voltammetric responses often hinder
electrochemical characterisation of such devices [19]. Therefore the viscosity of an
electrolyte is an important aspect to consider when evaluating its suitability for any type
of fuel cell application.

The viscosity of ILs can be over 2 orders of magnitude higher than those of
conventional solvents [17]. In addition, the viscosities vary widely in response to
changes in the identity of the nature of the constituent anion and cation [20]. Generally
speaking, ILs that have smaller, lighter and more symmetrical anions tend to display
higher viscosities. This is also true for ILs with anions of higher relative basicity and the
ability to participate in hydrogen bonding [21]. Furthermore, ILs comprised of cations
having longer alkyl chains also tend to have higher viscosities. This seemingly
unintuitive observation is a result of increases in the overall strength of dispersion
forces, to the point where they can start to dominate the electrostatic forces present. As
a result of these general trends, ChDHP was expected to have a relatively high viscosity
based on the structure of its constituent anion and cation. However, the presence of
water, either as an impurity or co-solvent, is well known to heavily influence the
viscosity of ILs, with higher water contents resulting in significantly lower values [2224]. Such behaviour occurs because the addition of co-solvent decreases the
intermolecular forces between the ions in solution, leading to dissociation of ion pairs.

To examine this effect, the viscosities of ChDHP/0.1 M PBS solutions with different
percentage (w/w) concentrations were examined over the temperature range 20 – 40 °C.
The results of these experiments are shown in Figure 5.7. Only relatively small changes
in viscosity were observed when the temperature of solutions with (w/w) ChDHP/0.1 M
PBS concentrations ranging from 0 to 20 % was increased. Solutions with even higher
weight fractions of ChDHP showed more significant changes, particularly that with an
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80 % (w/w) concentration of ChDHP/0.1 M PBS. Extrapolation of the obtained data
using a simple exponential model indicated that the viscosity of this solution was more
than 290 times higher than that of the 10 % (w/w) solution at room temperature [25].
The reason for the increase in viscosity at higher IL concentrations is more than likely
greater mechanical interactions between the ions in solution. Such behaviour indicates
that a 40 % (w/w) ChDHP/0.1 M PBS solution represents the concentration at which
such mechanical interactions begin to influence the properties of the mixture.
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Figure 5.7: Effect of temperature on the viscosity of: (a) solutions comprised of 40, 60 and 80 % (w/w)
ChDHP/0.1 M PBS and (b) solutions comprised of 40, 20, 10 % (w/w) ChDHP/0.1 M PBS, as well as
0.1 M PBS buffer. Nb. Note the change in y axis scale in (a) and (b). 40 % (w/w) ChDHP/0.1 M PBS is
shown in both (a) and (b) in order to provide relative comparison between the two plots.
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The decreases in viscosity caused by increasing temperature were more dramatic with
solutions containing higher IL concentrations. For example, the viscosity of a 80 %
(w/w) ChDHP/0.1 M PBS solution was observed to halve in magnitude following an
increase in temperature of only 14 °C. The results obtained at 23 and 37 °C are
presented in Table 5.1. These further highlight the significant decreases in viscosity that
can occur in IL solutions when the concentration of a co-solvent is increased from zero
to only 20 % (w/w), or when the temperature of the solution is raised by just 14 ºC. The
latter trend has previously been reported in the literature for other ILs [26].

Table 5.1: Comparison of densities and viscosities for ChDHP/0.1 M PBS solutions with differing
concentrations.

% (w/w)
ChDHP
0

Density at
23°C (g.cm-3)
1.005

Density at
37°C (g.cm-3)
0.994

Viscosity at
23°C (mPa.s)
1.089

Viscosity at
37°C (mPa.s)
0.895

10

1.037

1.030

1.328

1.042

20

1.068

1.062

1.668

1.259

40

1.138

1.131

4.104

2.659

60

1.219

1.212

19.849

12.058

80

1.289

1.282

291.611

145.623

For non-associated liquid electrolytes, it is assumed that the Arrhenius equation for
molecular kinetics given in Equation 5.3 is obeyed [27]. From this equation, two
important parameters can be determined; the activation energy (Eη), and the viscosity at
infinite temperature ( η ∞ ). At infinite temperature the geometric structure of the ions is
the only source of interaction that contributes to viscosity. Thus η∞ is a measure of the
structural contribution of the ions themselves to the overall viscosity of the solution. Eη
on the other hand reflects the energy barrier that must be overcome in order for the ions
to move past one another [28].
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η = η ∞ exp

Equation 5.3:

 Eη

 RT





where; η is the viscosity in mPa.s, η ∞ is the viscosity at infinite temperature, Eη is the activation energy
for viscous flow (J.mol-1), R is the gas constant (8.314472 J.K-1.mol-1) and T is the absolute temperature
(K).

Equation 5.3 indicates that a plot of ln η vs. T-1 should yield a straight line with gradient
and y-intercept proportional to the activation energy (Eη) and viscosity at infinite
temperature (η ∞ ), respectively. Figure 5.8 shows the plots obtained using data for
solutions with different ChDHP concentrations. In all cases a high degree of linearity
was observed over the temperature range examined.
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Figure 5.8: Arrhenius plot for hydrated ChDHP solutions with differing weight fractions of IL.

The values obtained from these plots for the viscosity at infinite temperature and the
activation energy are tabulated in Table 5.2. As expected, upon moving to higher IL
concentrations, increased interaction between ions resulted in a larger activation energy
that must be overcome in order for the ions to be able to pass one another. In addition,
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the perceived effect of ion geometry on the physical properties of the solutions appears
to diminish with higher concentration. This perhaps suggests that the viscosity of
solutions with greater proportions of ChDHP are more dependant upon electrostatic
forces, as was previously suggested based on the lack of long alkyl chains on either the
anion or cation. However, these results could be misleading since the contribution of
hydrogen bonding arising from the significant percentage of water in the solutions has
not been taken into account.

Table 5.2: Viscosities at infinite temperature (η∞) and activation energies (Eη) for hydrated ChDHP
solutions. Results were calculated from the Arrhenius plots presented in Figure 5.8.

% (w/w)
ChDHP/PBS

Viscosity at infinite
temperature, η∞ (mPa.s)

Activation Energy,
Eη (kJ.mol-1)

0

1.6 x 10-2

10

10

7.3 x 10-3

13

20

3.8 x 10-3

15

40

3.5 x 10-4

23

60

3.2 x 10-4

27

80

3.7 x 10-5

39

The addition of glucose to electrolytes has been shown previously to result in
appreciable increases in viscosity [29]. Due to solubility issues at higher ChDHP mass
fractions, the concentration of glucose in GOx catalytic experiments was kept relatively
low at 40 mM. At this concentration, the viscosity of IL solutions with ChDHP
concentrations ≤ 60 % (w/w) did not change considerably. Small increases in viscosity
of ~ 8.5 % were observed when a solution with a concentration of 80 % (w/w)
ChDHP/0.1 M PBS was used. However, such a comparatively small increase was not
expected to affect the results of studies concerning the catalytic oxidation of glucose by
GOx.
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5.4.1.3 ChDHP Electrolyte Conductivity

The conductivity of the electrolyte used in a fuel cell is of upmost importance, as
significant cell resistances resulting from poorly conducting electrolytes can result in
significant decreases in the cells operating potential, which in turn results in lower
power outputs. It is therefore extremely important to characterise the conductivity of
solutions to be used in fuel cells. In addition, investigation of electrochemical processes
by transient voltametric methods such as cyclic voltammetry, can be problematic when
conducted at fast scan rates in resistive solutions [30]. Under these circumstances
significant distortion of the resultant voltammograms may be observed due to ohmic
drop (iR), resulting in misleading data.

Pure ILs typically have ionic conductivities similar to that of organic solvents with
added inorganic electrolyte (e.g. DMSO containing 0.1 M tetrabutylammonium
perchlorate = 27 mS.cm-1) [17] . However, the conductivity of a pure IL is intrinsic and
depends upon the mobility and ion pairing of its constituent ions. Ion mobility is
dictated by the size of the constituent anion and cation, the degree to which they
associate, and the viscosity of the media. This latter property, in particular, has been
demonstrated to influence conductivity greatly [31]. In a similar fashion, the
conductivity of ILs containing a co-solvent are also heavily dependant upon the
viscosity of the solution [20]. As discussed earlier and shown previously in Figure 5.7,
the viscosity of such hydrated IL solutions are in turn largely influenced by the amount
of co-solvent present.

The conductivity of different hydrated ChDHP solutions was measured using a
conductivity cell as described in section 5.2.4. A 0.1 M PBS solution was used as a
control electrolyte, and found to have a conductivity of 16.1 mS.cm-1, in good
agreement with the literature [32]. The results obtained for hydrated ChDHP solutions
with various weight fractions of ChDHP and PBS are presented in Figure 5.9. For each
solution, a significant deviation from the linear relationship expected for a simple law of
mixtures was observed [33].
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Figure 5.9: Effect of the concentration of ChDHP present in mixed ChDHP/0.1 M PBS solutions on
conductivity and resistance at 23 °C and 37 °C. The lines superimposed over the data are purely for
illustration only.

Addition of ChDHP up to a total of 20 % (w/w) ChDHP/0.1 M PBS resulted in
increases in the observed conductivity due to the ChDHP dissociating and acting as an
added electrolyte. However, with further increase in ChDHP content, the conductivity
began to decrease. At the highest concentration used (80 % (w/w) ChDHP/0.1 M PBS),
the conductivity of the solution had decreased to less than that of the control 0.1 M PBS
solution. The resistance of the 80 % (w/w) IL solution was greater than 250 Ω.cm-1,
presumably due to its highly viscous nature. The results shown in Figure 5.9 are similar
to those presented in Figure 5.7 in that the critical concentration above which the
properties of the electrolyte appears to change is 20 % (w/w) ChDHP/0.1 M PBS.
Above this concentration it appears that the molecular interactions between cation and
anion have increased to the point where they are now affecting the properties of the
mixtures.

The molar conductivity of an electrolyte is a measure of how efficiently it can conduct
electricity. In more dilute ChDHP solutions, the molar conductivity reflects fully the
individual contributions of the constituent ions since they will be fully dissociated under
these conditions. As shown in Figure 5.10, however, as the amount of ionic liquid in a
hydrated CHDHP solution increases the molar conductivity drops off rapidly. This is
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presumably due to a reduction in the amount of free ions in solution as a result of
increasing levels of aggregation between cations and anions.
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Figure 5.10: Effect of increasing weight fraction of IL in hydrated ChDHP solutions on molar
conductivity.

Increasing the temperature of hydrated ChDHP solutions resulted in their conductivity
increasing. This is a direct result of the increase in temperature lowering the viscosity of
the solutions, and allowing greater mobility of the charge carrying ions [34, 35]. In IL
solutions containing co-solvents, this effect is further enhanced since dilution of the IL
results in reduced ion association and hence an increase in the amount of available
charge carriers [33].

In order to investigate the relationship between viscosity and conductivity further,
Walden plots were constructed for each of the different weight fraction ChDHP
solutions (Figure 5.11). Walden plots are generally used to illustrate the conductivity viscosity relationship of ionic liquids. The amount of ion-pairing present in an IL can be
determined from such a plot by comparing the IL to an “ideal” electrolyte solution
(typically a 1 M aqueous solution of KCl). For such a solution, the product of the
limiting molar conductivity and the viscosity of the pure solvent is constant for
infinitely diluted electrolyte solutions [36]. All gradients were found to be close to unity
indicating that the conductivity-fluidity relationship remains constant at each of the
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ChDHP concentrations [37]. However, in contrast to results obtained previously, all of
the plots were within an order of magnitude of the “ideal” KCl line, a result that
indicates that the constituent ions of ChDHP are not undergoing ion pairing to a
significant extent at any of the concentrations examined. At the higher weight fractions,
solutions of ChDHP appeared to tend towards behaviour more indicative of a nearsuperionic liquid or glass, combining moderate conductivity with low fluidity [38].
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Figure 5.11: Walden plots for hydrated ChDHP solutions with different ChDHP concentrations over the
temperature range 23 – 37°C.

Despite the decrease in conductivity exhibited by hydrated ChDHP solutions with
higher IL concentrations, the resistances of these solutions were not unusually high in
comparison to those of conventional aqueous solutions. Therefore, even the resistance
of the solution with the highest concentration of ChDHP was not expected to cause
significant problems for electrochemical investigations using transient voltametric
techniques. However, care was taken throughout all subsequent experiments to ensure
that the reference and auxiliary electrodes were as close as possible to the working
electrode in order to compensate for the majority of solution resistance. In addition, the
concentration of electroactive species was kept relatively low, and applied scan rates
employed during potentiodynamic experiments were kept to a minimum, so that the
generated currents remained small. Using these precautions, uncompensated resistances
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were estimated to be approximately equal to 80 Ω for the hydrated ChDHP solution
with the highest IL concentration. This corresponds to maximal ohmic potential losses
of the order of 1 mV, since currents generated in subsequent experiments rarely
approached 10 µA in magnitude.

5.4.1.4 Electrochemical Window of Hydrated ChDHP Solutions

The addition of water to ILs has been shown to be significantly detrimental to the
available electrochemical window of the resulting electrolyte [17, 39]. Even
hydrophobic ionic liquids may contain small amounts of water that may seriously affect
the solution’s properties [23]. For applications where high working potentials are
required, this presents a major problem since the products of electrolytic degradation of
water may be involved in unwanted side reactions [40]. Figure 5.12 shows the CV
obtained of a deaerated 60 % (w/w) ChDHP/PBS solution using a 3 mm diameter GC
electrode.
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Figure 5.12: CV of a GC electrode cycled in a deaerated 60 % ChDHP/0.1 M PBS solution obtained
using a scan rate of 50 mV.s-1.
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The electrochemical window is quite small, with reduction and oxidation of the
electrolyte occurring at ~ - 600 mV and ~ 800 mV, respectively. The most likely cause
of the observed redox responses is the electrolysis of water, since the above working
potentials are unlikely to oxidise or reduce the ChDHP anion and cation, respectively
[41]. Despite this seemingly small potential window, the hydrated IL was still deemed
to be suitable for biocatalytic reactions, as the redox potentials of the anodic and
cathodic enzymes used in biofuel cells generally fall within this range.

5.4.1.5 pH of Hydrated ChDHP Solutions

The activity of GOx has also been shown to be heavily dependant upon the pH of the
solution it is solubilised in, with maximum activity being displayed in solutions with pH
values between 4.5 – 6.0 depending upon the purity and type of GOx used [42]. The
dihydrogen phosphate anion of ChDHP is slightly acidic, as it has a pKa of ~ 7.2. In
dilute hydrated ChDHP solutions, where dissociation of the IL is expected to be more
pronounced, it was predicted that the pH of the solution may become acidic. To
determine whether or not this was the case, the pH of hydrated ChDHP solutions
containing different amounts of IL were measured. The results are shown in Figure
5.13, and indicate that the pH dropped sharply to 4.2 upon the introduction of sufficient
ChDHP to make a 10 % (w/w) solution, and even further to 4.0 for a solution comprised
of 20 % (w/w) IL/0.1 M PBS.
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Figure 5.13: Variation of pH with the amount of ChDHP present in hydrated IL solutions. Values shown
are the mean values obtained from 3 solutions. Error bars indicate ± 1 standard deviation.

Somewhat surprisingly, the pH of the solution increased upon moving to higher ChDHP
concentrations. While these results could reflect changes in interactions on the
molecular scale, such conclusions should be tempered with the knowledge that the
greater viscosity of solutions with high ChDHP concentrations may have introduced
significant junction potentials between the pH probe and high viscosity solution.

5.4.1.6 Redox Mediator Electrochemistry

It is important that the redox mediator used to shuttle electrons from the enzyme to the
electrode surface is not adversely affected by the electrolyte in which it is solubilised in.
Therefore, initial studies concerning the ability of glucose oxidase to catalytically
oxidise glucose in ChDHP were performed using the mediator ferrocenemethanol
dissolved in hydrated ChDHP solutions of varying concentration in order to ensure that
its electrochemistry was both reversible and stable in these media.

Hydrated ChDHP solutions containing 10, 20, 40, 60 and 80 % (w/w) IL/0.1 M PBS
were found to dissolve sufficient ferrocenemethanol to produce concentrations up to 2
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mM. However, due to the difficulty in solubilising high concentrations of other reaction
components required for studies into the catalytic oxidation of glucose by GOx, 0.2 mM
mediator was selected as the optimal concentration. This concentration also ensured that
the currents produced in experiments would not be severely affected by ohmic drop
within the cell, and that Faradaic currents were discernable from charging and
capacitive contributions.

Figure 5.14 (a) shows the cyclic voltammograms of ferrocenemethanol in different
hydrated ChDHP solutions obtained using a GC electrode. Examination of the CVs
shows that at the slowest scan rate used (2 mV.s-1) the electrochemistry of
ferrocenemethanol was reversible in every hydrated ChDHP solution used. However, at
faster scan rates some deviation from Nernstian behaviour was observed, especially
with solutions having higher ChDHP concentrations. At all scan rates, the anodic peak
currents were observed to be proportional to v1/2, which is indicative of diffusion limited
rates of electron transfer between the iron complex and the electrode. In addition, the
anodic peak height decreased rapidly with increasing ChDHP weight fraction. For
example, the anodic peak current obtained using an 80 % (w/w) ChDHP/0.1 M PBS
solution was < 10 % of that seen for a solution in 0.1 M PBS alone. This is most likely
attributable to the low flux of electroactive material caused by the high viscosity of the
IL electrolyte in the former solution.
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Figure 5.14: (a) CVs of ferrocenemethanol in 0.1 M PBS and hydrated IL solutions with concentrations
of 10, 20, 40, 60 and 80 % (w/w) ChDHP/0.1 M PBS. CVs were obtained using a scan rate of 2 mV.s-1
with all potentials being recorded vs. a Ag/AgCl reference electrode. (b) Plot of anodic peak height for
each concentration as a percentage of the peak current obtained in 0.1 M PBS.
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Table 5.3 shows the effect of changing the amount of IL present in hydrated ChDHP
solutions on key electrochemical parameters. At low ChDHP concentrations, the ratio of
the peak anodic to peak cathodic current (ipa/ipc) was close to unity indicating that there
were not any chemical reactions coupled to the electrode process. In addition, the peak
to peak separation (∆Ep) was close to the theoretically predicted value of 59 mV,
indicating that the heterogeneous electron transfer reaction was fast compared to the
time scale of the experiment. However, the ipa/ipc values differed significantly from
unity when the ChDHP concentration was increased to > 60 % (w/w). In addition, the
formal potential (E0′) of the redox couple was found to increase in a non-linear fashion
with greater ChDHP content in the solutions used. The departure from an ipa/ipc value of
unity for solutions with high ChDHP contents indicates that the process is not
completely reversible due to interactions or reactions between the solvent and mediator
in these solutions.

Table 5.3: Comparison of electrochemical parameters obtained from CV experiments conducted on
ferrocenemethanol dissolved in hydrated IL solutions containing different concentrations of ChDHP.

% (w/w)
ChDHP/PBS
0

E0′ (mV)

∆Ep (mV)

ipa/ipc

211 ± 2

60 ± 2

0.995 ± 0.002

10

208 ± 1

59 ± 1

0.98 ± 0.02

20

213 ± 1

59 ± 1

1.00 ± 0.01

40

225 ± 1

61 ± 1

1.07 ± 0.02

60

235 ± 1

61 ± 3

1.11 ± 0.05

80

275 ± 2

56 ± 5

1.3 ± 0.1

The apparent increase in the formal potential of the redox couple could be attributed to
uncompensated resistance effects arising from the higher viscosity of the more
concentrated ChDHP solutions. However, the observed shift is larger than what would
be expected based on the ohmic potential drop estimated earlier in section 5.4.1.3. In
addition, although some of the expected effects of iR drop in cyclic voltammetry
experiments (i.e. shifts in peak potentials and decreases in current magnitudes) were
observed, an increase in peak separation was not present. The absence of the latter trend
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and the afore mentioned departure from an ipa/ipc value of unity, indicates that
solvent/mediator interactions may be affecting the electrochemical results.

To further confirm that a significant iR drop does not exist in the cell at higher IL
concentrations, cyclic voltammetry experiments were conducted using both 0.2 mM and
2.0 mM ferrocenemethanol in 60 % (w/w) ChDHP/PBS solution at various scan rates.
These experiments were performed in order to identify whether iR drop or kinetic
effects were responsible for some of the observations noted above, as the former are
more apparent at higher solute concentrations and higher scan rates. In these latter
cases, an iR drop within the cell will manifest itself as a more rapid increase in peak
separation due to the greater current flowing when compared to that observed at lower
concentrations and scan rates. A 60 % (w/w) ChDHP/PBS solution was used as the
model system in this case to avoid problems that may arise due to the lack of solubility
of ferrocenemethanol in hydrated ChDHP solutions with concentrations of 80 % (w/w).
The effect of scan rate on the peak to peak separations for both solutions is shown in
Figure 5.15.
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Figure 5.15: Effect of scan rate on the separation between the anodic and cathodic peak potential for CVs
obtained using two different concentrations of ferrocenemethanol in a 60 % (w/w) solution of hydrated
ChDHP. All potentials are vs. Ag/AgCl.
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The gradient of the plot observed using a higher concentration of ferrocenemethanol is
steeper than that obtained using the lower concentration of 0.2 mM ferrocenemethanol.
This indicates that resistive effects are influencing the voltammetric response under
these conditions. If they were not, the difference in peak separation would be the same
at all scan rates and would therefore be attributable solely to electron transfer kinetics.
However, the anodic to cathodic peak separation is Nernstian at scan rates below 50
mV.s-1. Therefore at such scan rates the rate of the heterogeneous electron transfer is
fast when compared to the time scale of the experiment. In addition, the E0’ value
determined at both concentrations is identical indicating that any ohmic drop present is
not significantly affecting the results at these slower scan rates. When the above results
were analysed in terms of the individual contributions of anodic and cathodic peak
separation from the formal potential, it was observed that the anodic peak potential
shifts to larger overpotentials at a faster rate than the corresponding cathodic peak
potential (Figure 5.16).
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Figure 5.16: Effect of scan rate on the anodic and cathodic peak overpotentials, η (reported relative to the
experimentally determined formal redox potential of the couple) of solutions containing 0.2 or 2.0 mM
ferrocenemethanol in a 60 % (w/w) ChDHP/0.1 M PBS electrolyte. All potentials are vs. Ag/AgCl.

This result suggests the amount of IL in the electrolyte was directly affecting the
behaviour of the redox mediator in solution. Calculation of the standard rate constant,
k0, for the heterogeneous electron transfer reaction between the mediator and the
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electrode using the well known method of Nicholson (section 2.6.3), indicated that
changing the IL concentration had little effect [43]. When determined using data
obtained in 0.1 M PBS, a value of 0.45 cm.s-1 was determined. This decreased to 0.13
cm.s-1 for a 60 % (w/w) ChDHP/0.1 M PBS solution. This effect has been previously
observed for ferrocenemethanol in increasingly viscous solutions where it was ascribed
to the interference of solvent dynamics in the kinetics of the electron transfer [44].

In order to investigate this further, Randles-Sevcik plots were constructed as outlined in
section 2.6.2, using data obtained from the CVs performed with both the 0.2 and 2.0
mM ferrocenemethanol solutions. This approach allows the diffusion coefficient of both
oxidised and reduced forms of the mediator in the 60 % (w/w) ChDHP/0.1 M PBS
solution to be obtained. Each of the plots is shown in Figure 5.17. The shallower
gradient of the cathodic plots obtained at both concentrations of ferrocenemethanol
suggest that at 60 % (w/w) ChDHP/0.1 M PBS, the diffusion coefficient of the oxidised
redox species differs from that of the neutral, reduced species.

12
0.2 mM Anodic

Current (µA)

10
8

0.2 mM Cathodic

6

2.0 mM Anodic

4

2.0 mM Cathodic

y = 20.20x - 0.78

y = 1.46x - 0.06

2
0
-2

y = -1.15x + 0.00

-4
-6
-8

y = -16.06x + 0.49

-10
-12
0

0.1

0.2
0.3
0.4
SQRT of Scan Rate (V.s-1)

0.5

0.6

Figure 5.17: Randles-Sevcik plots obtained using from CV experiments performed using 2.0 mM or 0.2
mM ferrocenemethanol in 60 % (w/w) ChDHP/0.1 M PBS.

Each of the plots shown in Figure 5.17 are linear over the range of applied scan rates
examined (R2 > 0.99), indicating that the rates of electron transfer are diffusion
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controlled. However, the shallower gradient of the plot for the cathodic process at the
higher concentration of ferrocenemethanol indicates that the rate of diffusion of the
charged (oxidised) species is slower than that of the neutral, reduced form. As the
diffusion coefficients would be expected to be affected by changes in the viscosity of
the solution, it was decided to measure them for both the oxidised and reduced mediator
species in hydrated IL solutions with various concentrations of ChDHP using cyclic
voltammetry and the Randles-Sevcik equation. The results of the CV experiments are
shown in Figure 5.18, while the diffusion coefficients are presented in Table 5.4. A
control experiment was also performed using a solution of ferrocenemethanol in 0.1 M
PBS alone. This yielded a diffusion coefficient of 5.58 x 10-6 cm2.s-1 for both the
oxidised and reduced species, which is close to the reported literature value of 5.8 x 10-6
cm2.s-1 [45]. The diffusion coefficients of the oxidised and reduced forms of the
mediator decreased sharply by approximately two orders of magnitude on increasing the
amount of ChDHP present in solution from 10 to 80 % (w/w). Furthermore the diffusion
coefficient of the oxidised species became comparatively smaller with respect to the
reduced species at increased IL content, becoming over 2.5 times slower than that for
the latter, neutral species (Table 5.4).
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Figure 5.18: Randles-Sevcik plots obtained using data from experiments performed using 0.2 mM
solutions of ferrocenemethanol in hydrated IL solutions with varying concentrations of ChDHP.

185

Chapter 5

Glucose Oxidase Catalysis in Ionic Liquids

Table 5.4: Effect of changing the ChDHP concentration in hydrated IL solutions on the diffusion
coefficient of the oxidised and reduced forms of ferrocenemethanol.

% (w/w)
ChDHP/PBS
10

D(reduced) (cm2.s-1)

D(oxidised) (cm2.s-1)

D(reduced) : D(oxidised)

4.53 x 10-6

5.02 x 10-6

0.90

20

3.62 x 10-6

3.61 x 10-6

1.00

40

1.48 x 10-6

1.28 x 10-6

1.16

60

7.45 x 10-7

5.12 x 10-7

1.45

80

4.83 x 10-8

1.86 x 10-8

2.59

The observed decrease in diffusion coefficient for both the oxidised and reduced
mediator can be explained by the Stokes-Einstein equation (Equation 5.4), which shows
there is an inverse relationship between the diffusion coefficient of a solute and the
viscosity of the solution it is present in.

Equation 5.4:

D=

k BT
6πηα

where D is the diffusion coefficient, kB is the Boltzmann constant, T is the temperature, η is the viscosity
and α is the hydrodynamic radius of the diffusing species (assuming that the molecule is spherical).

Figure 5.19 shows that there is a high degree of correlation between the diffusion
coefficients of both the oxidised and reduced redox mediator and the inverse of solution
viscosity. This indicates that the hydrodynamic radius of the mediator is not changing
appreciably in solutions with different ChDHP concentrations, and that it is behaving as
an ideal “model” diffusing species [46]. As a result, the observed decreases in diffusion
coefficient can be attributed to being a direct consequence of the increasing viscosity of
the solutions.
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Figure 5.19: Relationship between diffusion coefficients and inverse viscosity for: (a) reduced
ferrocenemethanol and (b) oxidised ferrocenemethanol.

However, the smaller diffusion coefficient of the oxidised redox mediator and the shift
in formal potential of the redox couple seen on increasing the amount of ChDHP in
hydrated IL solutions warrants further comment. In both cases, it is likely that
interactions between the charged redox species and the polar solvent at higher IL
concentrations would simultaneously cause the oxidation of ferrocenemethanol to
ferriceniummethanol to become more difficult, and hinder the diffusion of the charged
mediator. Literature reports have previously attributed shifts in the observed potential of
a redox active compound dissolved in non-aqueous solvents to donor-acceptor Lewistype interactions [47, 48]. In the present system, the neutral form of ferrocenemethanol
is oxidised to the cationic ferriceniummethanol. The charged oxidised form would be
expected to be comparatively more sensitive to interactions with the surrounding polar
solvent molecules. Thus the efficiency of the oxidation process could be expected to
depend upon the strength of interactions between the Lewis electron-pair acceptor
(redox mediator) and solvent molecules acting as the Lewis electron-pair donor. As a
result, the stronger electron contribution of the solvent toward the oxidised mediator at
higher IL concentrations would give rise to a shift in the formal redox potential of the
couple. In a similar way, the reduction of the diffusion coefficient of the oxidised
mediator would arise from stronger interactions between it and the solvent.

The electrochemistry of the ferrocenemethanol mediator therefore deviates from what is
expected of a fully reversible system when in concentrated IL solutions, owing to
changes in the viscosity of the latter. Since it can be assumed that both diffusion of the
enzyme (D = 5 x 10-7 cm2.s-1 in buffer [49]) and its substrate glucose (D = ~ 6 x 10-6
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cm2.s-1 in water [50]) will be affected in a similar way, the catalytic reaction should
proceed as normal, albeit at a reduced rate.

5.4.1.7 GOx Activity in ChDHP Solutions

In order to examine the effect of ChDHP on the activity of GOx, activity assays were
performed using the enzyme and different hydrated IL solutions. Solutions with very
high concentrations of ChDHP were omitted from the study since the diffusion of the
reactants was likely to be significantly affected by high viscosity. In order to minimise
any diffusional effects that may arise even in solutions with relatively low amounts of
ChDHP, the concentrations of glucose, horse radish peroxidase and ABTS used in the
assay were significantly larger than that of the GOx. This meant that the reaction could
still be assumed to be under pseudo first-order conditions. The mean results obtained
from 5 assays performed using each hydrated ChDHP solution (± 1 standard deviation)
are presented in Table 5.5. Also included are the results of control activity assays
performed using GOx in buffers with a pH of 7.4, 5.0 and 4.0.

Table 5.5: Results of activity assays performed using GOx in hydrated IL solutions containing various
concentrations of ChDHP.

Solution

Activity (Units.nmol-1)*

Activity (Units.mg-1)*

pH 7.4 Buffer

3.39 ± 0.03

21.2 ± 0.2

pH 5 Buffer

3.10 ± 0.05

19.3 ± 0.2

pH 4 Buffer

0.90 ± 0.03

5.6 ± 0.2

10 % (w/w) ChDHP/PBS

2.1 ± 0.1

13.0 ± 0.3

20 % (w/w) ChDHP/PBS

1.52 ± 0.03

9.5 ± 0.2

40 % (w/w) ChDHP/PBS

0.86 ± 0.03

5.4 ± 0.2

*

One Unit of activity is defined as the amount of enzyme that will catalyse the oxidation of 1 µmole of
glucose per minute at 35 °C under the assay conditions.
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The decrease in activity of the enzyme observed in solutions containing 10 and 20 %
(w/w) ChDHP/0.1 M PBS may be attributed to the lowering of solution pH (Figure
5.20). It is noteworthy that the activity of GOx in solutions containing 10 and 20 %
(w/w) ChDHP/0.1 M PBS were greater than that observed when the enzyme was
present in a buffered solution with a pH of 4.0, which is similar to that of the two IL
solutions. The data point obtained at the ChDHP concentration of 40 % (w/w), however,
lies outside the trend line. Whether this indicates that the apparent pH value measured at
this concentration is inaccurate and the pH of the solution is actually lower than that
measured, or that the ChDHP is detrimentally affecting the activity of the GOx is
unknown at this time. If the former case was correct, then the hypothetical point lying
on the ChDHP activity trend line in Figure 5.20 indicates that the real pH of the 40 %
(w/w) solution is ~ 3.8.
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Figure 5.20: Effect of pH on the activity of GOx in hydrated ChDHP solutions with different
concentrations of IL.
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GOx Catalysis in Hydrated ChDHP

5.4.2.1 Homogeneous GOx Catalysis

Control experiments were first conducted using GC electrodes immersed in buffer
solutions containing 40 mM β-D-glucose, 0.2 mM ferrocenemethanol and 1 mg.mL-1
GOx. Due to the low pH of ChDHP solutions, it was necessary to conduct the control
experiments in several buffers of varying pH in order to assess the effect of solution
acidity on the catalytic activity of the enzyme. Thus the maximum limiting current
values obtained under such conditions gave “baseline” values which were free of
viscosity effects and with which results obtained in solutions comprised of hydrated
ChDHP were able to be compared.

It was observed that the onset of the catalytic current appeared at potentials more
negative than that of the oxidation peak of the mediator in the absence of glucose in all
control CVs (Figure 5.21). This effect occurs because of the presence of reduced GOx
at the surface of the electrode, which enables reduced mediator to be continuously
regenerated and therefore results in the over-potential required for oxidation of
ferrocenemethanol at the electrode surface diminishing in magnitude. In all cases the
CVs produced displayed typical sigmoidal current/potential traces indicative of a
catalytic process occurring. However, results of the control experiments indicated that
the limiting plateau current dropped off rapidly upon moving to buffers of lower pH
with the limiting current produced at a pH of 4 being just 30 % of that obtained in
buffered solution of pH 7.4.

Such a reduction in catalytic current is a direct

consequence of the lower activity of the enzyme at lower pHs as shown previously in
Table 5.5.
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Figure 5.21: CVs produced during the course of GOx catalysis experiments conducted using a GC
electrode immersed in 0.1 M PBS of different acidity. The electrolyte contained redox mediator and GOx
at concentrations of 0.2 mM and 1 mg.mL-1, respectively. Experiments were performed both with and
without β-D-glucose at a concentration of 40 mM. All potentials are vs. a Ag/AgCl reference electrode.

The CVs shown in Figure 5.21 were not affected by small changes in scan rate or by the
addition of more glucose to the electrolyte. These observations indicate that the amount
of glucose consumed in the diffusion-reaction layer was negligible and that the rate of
the catalytic reaction was fast compared to the rate of diffusion of the reacting species.
In addition, since the glucose concentration was much larger than that of the mediator
(> 50 times), the reaction can be assumed to have followed pseudo-first order reaction
kinetics [30]. Therefore, Equation 5.5 was used to obtain rate constants for the reaction
between the mediator and reduced enzyme [49]. It was determined that the reaction
slowed down considerably on increasing the acidity of the solution, as the rate constant
was 3.59 x 107 M-1.s-1 at pH 7.4, similar to the 1.2 x 107 M-1.s-1 reported in the literature
[51], but only 3.73 x 106 M-1.s-1 at pH 3.97.
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1

i l = nFAC m ( Dm k C E ) 2

Equation 5.5:

where il is the limiting plateau current, n is the number of electrons transferred, F is the Faraday constant,
A is the area of the electrode, Cm is the bulk concentration of mediator, Dm is the diffusion coefficient of
the mediator, CE is the enzyme concentration and k is the rate constant for the reaction between the
mediator and enzyme.

Investigations into the catalytic activity of GOx in ChDHP were performed using a
standard 3 mm diameter glassy carbon disk electrode immersed in solutions comprised
of 10, 20, 40, 60 and 80 % (w/w) ChDHP/0.1 M PBS. These solutions also contained
sufficient reagents needed to produce final concentrations of 40 mM β-D-glucose, 0.2
mM ferrocenemethanol and 1 mg.mL-1 GOx. The results of cyclic voltammetry
experiments conducted using these solutions and a scan rate of 2 mV.s-1 are shown in
Figure 5.22.
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Figure 5.22: Cyclic voltammograms obtained using hydrated ChDHP solutions with varying
concentrations. Each solution also contained sufficient mediator, substrate and enzyme to produce final
concentrations of 0.2 mM ferrocenemethanol, 40 mM β-D-glucose and 1 mg.mL-1 GOx. All potentials are
vs. Ag/AgCl and experiments were performed at a scan rate of 2 mV.s-1.
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The electrochemical responses observed suggest that the enzyme retains its catalytic
activity in each of the ChDHP solutions used. Some hysteresis was evident in the
cathodic sweep of the voltammograms, especially when the ChDHP concentration was
≥ 60 % (w/w) ChDHP. In these instances a small cathodic peak appeared at potentials
more negative than the equilibrium potential, indicating that some oxidised mediator
was present. This may be due to depletion of glucose at the electrode surface, or
insufficient enzyme within the enzyme-mediator reaction layer to ensure that all
ferriceniummethanol was reduced by the catalytic reaction. Upon moving to more
concentrated ChDHP solutions, the limiting current was observed to decrease linearly
with increasing weight fraction of IL when the effect of solution pH was ignored
(Figure 5.23).
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Figure 5.23: Effect of changing the amount of IL present in hydrated ChDHP solutions on the catalytic
current. The currents are expressed as a percentage of the maximum catalytic current obtained in 0.1 M
PBS buffer at a potential of 0.7 V. The currents shown are the average of values from at least 3 different
experiments. Error bars indicate ± 1 standard deviation.

However, despite the viscosity of the 10 % (w/w) ChDHP solution being similar to that
of 0.1 M PBS, the catalytic current produced in the former solution was less than 50 %
of that obtained in pure aqueous buffer. Such a sharp initial decrease indicates that the
pH drops off sharply, validating the measured pH values at low weight fractions of
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ChDHP. However, due to the difficulty in determining the precise pH of the ChDHP
solutions at higher weight fractions (discussed in section 5.3.1.5) there are a couple of
different ways of interpreting the data presented in Figure 5.23:

1) Firstly, the pH values of each of the ChDHP solutions could be taken as the
values measured with the pH meter (Figure 5.13). Assuming that these values
are accurate, the limiting currents obtained in IL solutions can be expressed as a
percentage of the limiting current obtained in a ChDHP-free buffer of identical
pH.

2) Another interpretation would be that the pH of the more dilute (10 and 20 %
(w/w)) IL solutions are the most accurate measurements. In this case, limiting
currents obtained for IL solutions with concentrations greater than 20 % (w/w)
should be normalised with respect to the current obtained in an IL-free buffer
solution at the lower pH of 4.0. Both cases are presented in Figure 5.24.
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Figure 5.24: Plot of pH normalised catalytic currents vs. the weight fraction of ChDHP present. The
trend lines superimposed over the data are for illustration purposes only.

In both cases, the catalytic current obtained using an IL based electrolyte up to a
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concentration of 20 % (w/w) ChDHP/0.1 M PBS was greater than that obtained in a
purely aqueous buffer of identical pH. At higher IL concentrations the catalytic current
obtained using ChDHP based electrolyte dropped off significantly. However, a line of
best fit for the catalytic current at IL concentrations ≥ 20 % (w/w) ChDHP/0.1 M PBS
for data normalised with respect to the lower pH values (case 2) yielded a correlation
coefficient > 0.99. This is likely indicative of viscosity related limitations on the
obtained catalytic current. Normalisation of the current obtained in ChDHP solutions
with respect to the catalytic current obtained in IL-free buffered solutions of identical
apparent pH (case 1), however, indicated that the relationship at higher concentrations
of IL was non-linear (R2 = 0.92). To further resolve which of the two scenarios was
correct, the data was again normalised with respect to the ratio between the diffusion
coefficients of the mediator in buffer to that in the respective IL solution (Figure 5.25).
This was accomplished using Equation 5.5 noting that the limiting current was half
order in diffusion coefficient. Thus the slower diffusion of the mediator in more
concentrated solutions was taken into account, in effect eliminating the effect of
viscosity on the produced results.
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Figure 5.25: Plot of pH normalised catalytic currents vs. the weight fraction of ChDHP present. In this
case however, the data has also been normalised to take into account the reduced diffusion coefficient of
the mediator in the more viscous ChDHP solutions.
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The results presented in Figure 5.25 that takes into account the high viscosity of the
more concentrated ChDHP media indicates that the hydrated IL electrolyte supports
GOx catalysis more favourably than does an aqueous 0.1 M PBS buffer of identical pH.
The data also suggests that case 2 is the more likely scenario and that the pH of more
concentrated ChDHP solutions remain at a pH of 4.0. The method in this case of course
assumes that pseudo-first order reaction kinetics continue to apply at higher ChDHP
concentrations and that the rate constant of the mediator/reduced enzyme does not
change appreciably. Evaluation of the rate constant of the reaction between mediator
and reduced enzyme using Equation 5.4, the limiting currents in Figure 5.21 and the
calculated diffusion coefficients in Table 5.4, indicated that this reaction decreased by
an order of magnitude upon moving from buffer to 80 % (w/w) ChDHP/0.1 M PBS
(from 3.59 x 107 M-1.s-1 to 2.27 x 106 M-1.s-1, respectively). However, when compared to
the value of 3.73 x 106 M-1.s-1 in an aqueous buffer of pH 3.97 obtained previously
using results presented in Figure 5.21 and Equation 5.5, the ChDHP appears to have
only a minimal impact on the rate constant for the reaction between mediator and
enzyme. Thus it is likely that the viscosity of the IL electrolyte is solely responsible for
the comparatively low catalytic currents obtained compared to those determined in
purely aqueous media.

5.4.2.2 Nafion-Immobilised GOx Catalysis

The results presented in section 5.4.2.1 indicated that the catalytic oxidation of glucose
by GOx in an electrolyte containing ChDHP was more favourable than in purely
aqueous media once the effect of increased viscosity was eliminated. Therefore, in order
to increase the currents produced during experiments concerning the catalytic activity of
GOx in ChDHP, attempts were made to immobilise GOx in a surface film composed of
Nafion. Currents obtained in control experiments performed using GOx/Nafion
modified electrodes immersed in a 0.1 M PBS solution containing 0.2 mM
ferrocenemethanol and 40 mM β-D-glucose were 4 times greater than when the enzyme
was simply dissolved in solution (Figure 5.26). The latter conditions also resulted in a
sigmoidal wave, although in this instance a peak in the current profile was evident at a
more negative potential of ~ 0.275 V. Such a peak typically arises when the catalytic
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process and the diffusion of reaction species have comparable rates [52]. At
overpotentials greater than this peak the concentration of mediator remains constant at
the electrode surface resulting in a plateau current.
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Figure 5.26: Cyclic voltammograms obtained using a GOx/Nafion modified electrode immersed in
buffered solutions of various pH. Each solution also contained 0.2 mM ferrocenemethanol and 40 mM βD-glucose. Scan rate was 2 mV.s-1. All potentials were recorded vs. Ag/AgCl.

However, immediate problems with the immobilisation method were apparent from the
cyclic voltammograms produced using GOx/Nafion modified GC electrodes in buffers
with pH less than 7.4. CVs obtained in these more acidic buffer solutions did not
display current plateaus and showed signs of significant hysteresis on the cathodic
sweep. At such pHs, the Nafion film simply dissolves and enters the bulk solution.

Similar voltammetric features were observed for experiments conducted in ChDHP
based electrolyte. While the catalytic current produced was greater than that obtained in
experiments where all species were simply solubilised in the electrolyte (Figure 5.27),
hysteresis arose in hydrated IL solutions containing low (≤ 40 % (w/w)) concentrations
of ChDHP. Significantly though, no reduction peak was apparent in the reverse scan at
potentials more negative than the equilibrium potential. Such hysteresis is normally
indicative of the depletion of glucose at the electrode surface [49]. However, in this case
it is a result of the low pH of the IL based electrolyte solutions.
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Figure 5.27: Comparison of catalytic currents obtained with GOx/Nafion modified GC electrodes
immersed in hydrated IL solutions containing various concentrations of ChDHP. Each solution contained
0.2 mM ferrocenemethanol and 40 mM β-D-glucose. All potentials are vs. Ag/AgCl and were recorded at
a scan rate of 2 mV.s-1.

The dissolution of the Nafion matrix was confirmed in further experiments in which
electrodes were subjected to repeated potential cycling. The results indicated that the
performance of electrodes rapidly diminished prior to equilibrating to a constant plateau
current (Figure 5.28). This decrease in catalytic current was accompanied by a decrease
in the observed hysteresis, with the final steady-state voltammograms appearing more
sigmoidal. The effect of the Nafion film dissolving was more apparent upon moving to
solutions with lower concentrations of ChDHP, since the viscosity of higher IL weight
fraction solutions prevented rapid diffusion of Nafion and GOx into the bulk. As a
result, all experimental data used for further calculations was acquired using only the
first scan cycle in each case.
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Figure 5.28: Cyclic voltammograms obtained using a single Nafion immobilised GOx electrode in a
hydrated IL solution containing 10 % (w/w) ChDHP/PBS. The electrode was cycled continuously for 5
cycles at a scan rate of 2 mV.s-1. All potentials are vs. Ag/AgCl.

The results presented in Figure 5.27 are similar to those obtained for the homogeneous
case presented previously in Figure 5.22. In both cases the catalytic current obtained at
0.7 V showed more than a 50% decrease in catalytic current at only 10 % (w/w) ChDHP
when plotted as a percentage of the catalytic current obtained in pure 0.1 M PBS
(Figure 5.29). The large error bars associated with the results for experiments performed
with hydrated IL solutions of lower ChDHP concentrations as shown in Figure 5.29 are
indicative of the dissolution of the Nafion film into the electrolyte.
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Figure 5.29: Effect of varying the amount of IL in hydrated ChDHP solutions on the catalytic current
produced by electrodes modified with a GOx/Nafion film. The catalytic current is expressed as a
percentage of the current obtained in aqueous 0.1 M PBS electrolyte. Illustrated data are the average of at
least 3 values obtained using individually prepared electrodes. Error bars indicate ± 1 standard deviation.

The significant drop in catalytic current observed upon the introduction of only 10 %
(w/w) ChDHP was treated in an identical fashion to that of the homogenous case.
Normalisation with respect to results obtained in ChDHP-free buffer solutions of
identical pHs yielded similar trends (Figure 5.31).
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Figure 5.30: Plot of pH normalised catalytic currents vs. the weight fraction of ChDHP present for GOx
modified electrodes. The trend lines superimposed over the data are for illustration purposes only.
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However, although the data normalised with respect to low pH (Figure 5.31 (b)) was
found to be linear at higher IL weight fractions (R2 > 0.99), subsequent normalisation
with respect to the solution viscosity did not eliminate the apparent diffusional effects.
It is likely that substrate diffusion also limited the reaction in this case (Figure 5.32).
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Figure 5.31: Plot of pH normalised catalytic currents vs. the weight fraction of ChDHP for GOx
modified electrodes. The data has also been normalised to take into account the reduced diffusion
coefficient of the mediator in the more viscous ChDHP solutions.

5.5

Conclusions

The ionic liquid choline dihydrogen phosphate was found to be able to support GOx
based electrocatalysis in solutions containing up to 80 % (w/w) ChDHP/0.1 M PBS.
Thus it represents the first IL that is able to support native GOx catalysis at IL
concentrations greater than 30 % (w/w). Although the significant viscosity of the
electrolyte at higher ChDHP concentrations limits the rate of the catalytic reaction,
immobilisation of the reaction components at the surface of the electrode alleviates the
problem. Although the immobilisation of GOx in a film of Nafion was not ideal in this
case owing to the acidity of the electrolyte, further studies in which both the mediator
and enzyme are immobilised in a more suitable matrix may increase current densities to
more significant values.
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6.1

Polymer Hydrogel Mediated Catalysis at NanoWeb Modified Electrodes

Introduction

Despite the potential losses and diffusional limitations associated with mediated
electron transfer, the co-immobilisation of enzymes in a conductive redox hydrogel
allows for some advantages over DET type mechanisms. Firstly, the electrical
connection of the enzyme-bound cofactors to the electrode has been found to be
independent of the orientation of the enzyme [1]. In addition, the immobilisation
method allows for multiple enzyme layers to be incorporated onto a single electrode,
negating the performance limitations associated with the monolayer configurations
required for electrodes utilising DET reactions. This allows for significantly greater
enzyme loadings to be achieved due to the 3-dimensional redox mediation between the
enzyme and electrode [2].

Osmium based redox hydrogels, as discussed briefly in section 1.5.2, are formed by
cross-linking water soluble redox polymers to form mechanically robust immobilisation
matrices. The actual mechanism of electron conduction by self exchange between
reduced and oxidised redox centres contained within hydrated redox hydrogels has been
extensively examined in the literature [3-5]. Such studies have indicated that the
apparent diffusion coefficient depends markedly on the mobility of the tethered redox
centres. This mobility increases dramatically upon hydration of the polymer, due to
swelling of the hydrogel, as well as the length of the flexible tethers linking the centres
to the polymer backbone. Optimal tether lengths have been reported to be those that
contain between 8 and 15 atoms [6-8]. The use of a water soluble polymer backbone
and the swelling that occurs when it is immersed in water also facilitates the permeation
of solution species through the polymer network. This is especially important for the
unimpeded diffusion of substrate and reaction products to and from the enzyme,
respectively. Additionally, the swelling also improves the diffusion of the counter-ions
required for maintaining charge neutrality within the film. Such ions are required since
the oxidation or reduction of the transition metal cation is associated with the
incorporation or expulsion, respectively, of an anion [9]. However, the rate of electron
diffusion within the film has been demonstrated to reduce dramatically when the redox
hydrogel is poised at redox potentials that are significantly negative or positive relative
to the formal potential of the couple. Under such conditions the reduction in apparent
diffusion of the charge is due to a majority of the redox centres being in either an
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oxidised or reduced state. This arises since the method of conduction relies upon
collisions between reduced and oxidised redox species. As a direct consequence,
optimal conduction is achieved when the density of reduced and oxidised mediators is
approximately equal, and has been found to occur when the redox hydrogel is poised
close to its formal redox potential [1, 10].

The use of redox polymers has resulted in extremely large current densities being
reported in the literature for enzyme catalysed reactions. For example, Gallaway et al.
have reported oxygen reduction based current densities of 2.1 ± 0.2 mA.cm-2 (at 0.65 V
vs. Ag/AgCl) for a laccase/redox polymer modified electrode being rotated at 900 rpm
in a 0.1 M citrate buffer (pH 4) at 40 °C [11]. In addition, the authors of this work
reported that by using high surface area carbon paper electrodes, current densities as
high as 20 mA.cm-2 were able to be achieved by rotating the electrode at high rotational
speeds (6400 rpm). Similar high current densities have been achieved for GOx
immobilised in an osmium based redox polymer that enable catalytic oxidation of
glucose. Carbon fibre electrodes prepared with this enzyme/polymer combination have
been demonstrated to produce current densities as high as 1.15 mA.cm-2 (at ~ 0 V vs.
Ag/AgCl) in a PBS buffer containing 15 mM glucose at 37.5 °C [6]. More conventional
planar rotating disk electrodes coated with the latter material have also been
demonstrated to produce large catalytic currents. Mano et al. reported a catalytic
glucose oxidation current of 1.3 mA.cm-2 for electrodes coated with GOx and an
osmium redox polymer when rotated at 500 rpm in buffered solutions containing 32
mM glucose at 37 °C [7]. However, a common theme throughout studies concerning the
use of osmium based redox polymer catalysis is that mass transport of substrate to the
electrode surface needs to be enhanced in order to produce significant current densities.
Typically this issue is addressed by employing either carbon fibre electrodes of micro
dimensions in order to induce steady state conditions, or by rotation of the electrode.
The use of such experimental techniques is not, however, realistic for producing biofuel
cells capable of delivering high power outputs.

The non-diffusion limited currents obtained via a DET mechanism between BOD and
the NanoWeb material outlined in chapter 4 are large in comparison to those appearing
in literature reports. However, even larger current densities would result in improved
biofuel cell power output. In addition, the inability to electrically connect the redox
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centre of glucose oxidase to the NanoWeb material required the use of a mediated
reaction at the anode. It was anticipated that the greater surface area and improved
substrate diffusion afforded by the NanoWeb/RVC material would result in large
mediated catalytic currents. Mediated catalysis was therefore conducted using
NanoWeb/RVC electrodes using two redox polymers; the cathodic osmium based redox
hydrogel (PAA-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]2+/+, and the anodic redox
polymer (PVP-[Os(N,N′-dialkylated -2,2′-bis-imidazole)3]2+/3+.

6.2

Aims

The work described in this chapter was directed at determining whether the high surface
area NanoWeb material provides a suitable scaffolding on which to immobilise osmium
based redox hydrogels. A principle aim was examining whether the unique hierarchical
architecture of the NanoWeb material deposited onto high surface area reticulated
vitreous carbon affords improved mass transport of substrate to the electrode surface.
The combination of immobilised redox hydrogel/enzyme and NanoWeb modified
electrode would therefore be expected to result in a more effective biofuel cell
electrode.

6.3

Experimental

The majority of experiments outlined in this chapter were conducted at the Centre for
Recherche Paul Pascal (CRPP) in Bordeaux France, a part of the French Centre
National de la Recherche Scientifique (CNRS). Work was conducted under the
supervision of Dr. Nicolas Mano using purified enzymes and materials prepared in his
research laboratories.

Electrochemical measurements were performed using a bipotentiostat (CH Instruments,
Austin, TX, model CHI760C). The electrodes were rotated using a Pine Instruments
rotator. All potentials in this chapter are reported with respect to a Ag/AgCl reference
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electrode. BOD (EC 1.3.3.5) from Trachyderma tsunodae and GOx (EC 1.1.3.4) from
Aspergillus niger were purchased from Amano and Sigma, respectively and purified
according to published procedures [12, 13]. Synthesis of the polymers (PVP-[Os(N,N′dialkylated

-2,2′-bis-imidazole)3]2+/3+

and

(PAA-PVI-[Os(4,4′-dichloro-2,2′-

bipyridine)2Cl]2+/+, have been previously reported [6, 13]. 45 ppi RVC modified with
the NanoWeb material was prepared in laboratories at the University of Wollongong,
Australia, as outlined in chapter 2. Pieces of NanoWeb/RVC were cut so that the
calculated geometric area was 1 cm2 using results obtained from the literature [14], and
attached to 5 mm diameter glassy carbon electrodes (BAS) using conductive carbon
adhesive. All experimentally produced catalytic currents are therefore reported in the
text as a current density “per geometric cm2”. All GOx modified electrodes were
composed of 54 % (w/w) polymer, 37 % (w/w) enzyme and 8 % (w/w) poly(ethylene
glycol)diglycidyl ether (PEGDGE) from Polysciences Inc. (Warrington, PA, USA).
BOD modified electrodes were composed of 75 % (w/w) polymer, 17.5 % (w/w)
enzyme and 7.5 % (w/w) PEGDGE. The amount of redox polymer, enzyme and
crosslinker deposited onto each electrode is denoted as the “total loading” throughout
this chapter.

Electrodes were prepared by drop casting a solution with the following composition: 55
% (w/w) redox polymer: 37 % (w/w) purified glucose oxidase: 8 % (w/w) crosslinker
(PEGDGE), onto the NanoWeb modified RVC structure. Dilution of the enzyme was
performed using a stock solution of concentrated GOx in 100 mM phosphate buffer, and
Milli-Q water. Buffer was not used to dilute the enzyme since it was found that a
precipitate formed when the enzyme solution was added to the other constituents. The
solution was cast in 1 µL aliquots in order to ensure that the majority of the electrode
substrate was covered. Experiments were performed in a 20 mM phosphate buffer that
was first purged with either high purity argon or high purity oxygen. The selected gas
was kept flowing continuously throughout the cell during experiments.
A biofuel cell was constructed using the maximum total loadings of enzyme and
polymer used in this chapter. The assembled anode and cathode were placed in a
thermal-jacketed electrochemical cell maintained at 37 °C. The BOD cathode was
connected to the working electrode lead while the GOx based anode was connected to
the auxiliary and reference electrode leads of the potentiostat. The electrolyte consisted
of a 20 mM phosphate buffer containing 50 mM D-glucose that had been allowed to
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mutarotate overnight. The electrolyte was purged with air prior to experiments to ensure
saturation of the electrolyte. In some experiments, 0.14 M NaCl was added in order to
increase the ionic strength of the buffer, however, this did not significantly alter any
experimental results.

The power density produced by the cell was evaluated initially using potential step
voltammetry. Potentials steps from 0 to 0.7 V were applied in 0.1 V increments for 30
seconds each with the current being constantly recorded. Such a time scale was found to
be sufficient for the system to fully discharge the charging current resulting from the
potential step. The plateau current after the charging current had dissipated was
multiplied by the potential at which it was recorded to obtain the power density and then
plotted vs. the applied potential.
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Results and Discussion

6.4.1

BOD Mediated Catalysis

The electrochemistry of the cathodic osmium based redox hydrogel; (PAA-PVI[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]2+/+ containing BOD and crosslinked using
PEGDGE was first evaluated under anaerobic conditions. Results were obtained using
identical amounts of polymer deposited onto both bare RVC and electrodes modified
with the NanoWeb material. Cyclic voltammograms obtained from experiments
conducted at a scan rate of 5 mV.s-1 indicated that the formal potential of the osmium
redox couple was 0.38 V (vs. Ag/AgCl) at both the bare and modified electrodes (Figure
6.1). This potential was observed to be more positive than that obtained using the same
polymer at GC (E0′ = 0.360 V vs. Ag/AgCl) [15]. However, the background-subtracted
peak currents of the NanoWeb/RVC electrode were significantly larger than that of the
unmodified electrode, indicating that the redox hydrogel was more effectively utilised
on the high surface area NanoWeb material.
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Figure 6.1: Cyclic voltammograms obtained using (PAA-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]2+/+
deposited onto: (a) a NanoWeb/RVC electrode; and (b) a bare RVC electrode. All experiments were
conducted at a scan rate of 5 mV.s-1 in argon purged buffer with all potentials being recorded vs.
Ag/AgCl.

The anodic-to-cathodic peak ratios were found to be 0.75 and 0.93 for the
NanoWeb/RVC and bare RVC electrodes, respectively. The deviation from unity of
these values is more than likely the result of residual oxygen in solution reacting with
reduced enzyme immobilised in the redox hydrogel film. The greater deviation of ipa/ipc
from unity observed for the NanoWeb modified electrode is perhaps attributable to
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additional oxygen trapped within the network of the nanostructured electrode. In
addition, the observation that the redox peaks for the polymer deposited on the latter
material were slightly broader than that when it was present on unmodified RVC
electrodes, more than likely due to the electrochemical heterogeneity and greater surface
area of the NanoWeb. Such a surface also resulted in a wider peak separation of 84 mV
for the NanoWeb modified electrode compared to the bare RVC peak separation of 75
mV. These peak separations indicate that the electron transfer processes at the electrode
surface are quasireversible even at the low applied scan rate of 5 mV.s-1. Application of
scan rates faster than 5 mV.s-1 resulted in the peak separation rapidly increasing and
tending toward apparent irreversibility, particularly at the NanoWeb modified electrode.
At this electrode material, the peak separation increased to 200 mV when a scan rate of
only 50 mV.s-1 was used (Figure 6.2).
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Figure 6.2: Comparison of cyclic voltammograms produced using either: (a) NanoWeb modified RVC or
(b) bare RVC electrodes, after immersion in a deaerated 20 mM phosphate buffer. Both electrodes were
modified with an identical amount of cathodic redox polymer and enzyme. All potentials are vs. a
Ag/AgCl reference electrode.

Peak heights were found to vary with the square root of the applied scan rate, and
tended toward the origin at low scan rates indicating semi-infinite diffusion. However,
at scan rates above 50 mV.s-1 deviation from this trend occurred, particularly at the
NanoWeb modified electrode. At these experimental time scales it may be that the
charge depletion layer is no longer less than the polymer film thickness and semiinfinite diffusion modelling no longer applies. The more rapid departure from the 84
mV peak separation obtained at a scan rate of

5 mV.s-1 observed for the

NanoWeb/RVC electrode may be the result of a thinner polymer covering, as would be
expected for a material having a larger electrochemical surface area. Alternatively, the
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faster deviation may be a manifestation of ohmic drop within the cell due to the
significantly larger currents drawn by the NanoWeb material combined with the
electrochemical heterogeneity of the electrode surface (Figure 6.3).
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Figure 6.3: Effect of scan rate on the anodic (Epa) and cathodic (Epc) peak potentials of redox polymer
deposited onto both bare RVC and a RVC electrode modified with the NanoWeb material. The y-axis
represents the deviation of the redox peaks at a particular scan rate from the apparent formal potential
(E0’) determined at a scan rate of 5 mV.s-1. Experiments were conducted in a 20 mM phosphate buffer.

Typically the apparent diffusion coefficient of the mediator within the hydrogel is
calculated from either the Randles-Sevcik or Cotrell equations [6, 16]. In order to do
this, the volume of the swollen redox hydrogel is required so that the apparent
concentration of redox centres immobilised at the electrode surface can be determined.
For conventional planar electrodes this simply requires the determination of the polymer
film thickness by either optical microscopy or profilometry, since film thickness can be
assumed to be uniform across the surface of a planar electrode. However, calculation of
the apparent diffusion coefficient of the charge through the polymer film was not
possible for the NanoWeb/RVC electrode since the concentration of osmium centres in
the hydrogel was unable to be determined. SEM images obtained of the polymer
deposited onto the electrode revealed that the surface coverage was heterogeneous
(Figure 6.4) with some areas of the electrode appearing to be uniformly covered (Figure
6.4 (a)) while others had poor coverage (Figure 6.4 (b)). In regions where the solution
was drop cast, aggregation of polymer was evident by visual inspection upon drying of
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the electrode.

(a)

(b)

Figure 6.4: SEM images of (PAA-PVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]2+/+ deposited onto
NanoWeb/RVC: (a) Section of electrode displaying a relatively uniform coating of redox polymer. Scale
bar is 10 µm. (b) Different section of the same electrode showing poor coverage. Scale bar is 1 µm.

The heterogeneous coverage of the NanoWeb electrode by the redox polymer results in
localised concentrations of mediator which may distort the electrochemical response
produced by the electrode. In addition, direct comparisons between the apparent
diffusion coefficients at the bare RVC and NanoWeb modified electrodes was not
possible since the far greater surface area of the NanoWeb material would greatly
influence the apparent concentration of osmium redox centres.
Initial experiments conducted using NanoWeb/RVC electrodes with a total loading of
42.8 µg.cm-2 (7.5 µg.cm-2 of BOD) displayed low levels of catalytic activity when
cycled in oxygen purged buffer maintained at 23 °C (Figure 6.5). The cyclic
voltammograms obtained exhibited low catalytic currents with a significant osmium
reduction peak being visible. Such a peak indicates that the rate of the catalytic reaction
is comparable to the rate of diffusion of the reaction species [17]. However, the current
generated by redox polymer/enzyme electrodes may be limited by several different
processes either singularly or simultaneously. These include the mass transport of
oxygen either within the film itself or external to it, the diffusive transport of charge
through the polymer film, the reaction kinetics between the enzyme and/or substrate, as
well as the heterogeneous charge transfer rate between the underlying carbon electrode
and osmium redox centres.
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Figure 6.5: CVs obtained using a NanoWeb/RVC electrode modified with BOD and redox polymer in
either argon or oxygen saturated 20 mM phosphate buffer. CVs were obtained in unstirred electrolyte at a
scan rate of 5 mV.s-1 with all potentials vs. a Ag/AgCl reference electrode.

In order to investigate the poor catalytic response further, elimination of mass transport
effects on the observed catalytic current was accomplished by rotating the electrode.
Linear sweep voltammograms were therefore obtained of polymer/enzyme modified
NanoWeb/RVC electrodes immersed in buffer at increasing rotation rates. Speeds of up
to 3000 rpm were found to increase the catalytic current produced by nearly threefold
compared to that observed under static conditions, indicating that mass transport of
substrate to the solution/polymer film interface was limiting the rate of the reaction
under ambient conditions (Figure 6.6).
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Figure 6.6: Linear sweep voltammograms obtained using a BOD/redox polymer modified
NanoWeb/RVC electrode at various rotational rates. Experiments were conducted in 20 mM phosphate
buffer maintained at 23 °C. All experiments were conducted at a scan rate of 5 mV.s-1 with potentials
being recorded vs. a Ag/AgCl reference electrode.

However, at faster rotation rates the current did not increase appreciably indicating that
at higher rotational rates oxygen transport to the solution/film interface becomes less
limiting and permeation of oxygen through the film itself becomes the rate determining
step [7]. Alternatively, the catalysis rate of the enzyme may be such that it is not able to
keep up with the rate at which it is being supplied with substrate. Subsequent analysis of
the obtained data using both Levich and Koutecky-Levich plots (section 2.6.4) did not
yield linear relationships over the whole data range. Such plots were observed to reach
limiting values at higher current/rotation values (Figure 6.7). Non-linearity in Levich
type analysis has been previously reported in the literature for metallopolymer films
mediating the reduction of a solution species and was attributed to slow mediation
kinetics arising from the self-exchange reactions and/or charge diffusion within the
polymer films [2, 18].
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Figure 6.7: (a) Levich and (b) Koutecky-Levich plots showing the non-linearity of the data presented in
Figure 6.6.

Another explanation for the observed non-linearity of the observed plots is that the
porous RVC structure may not allow laminar flow over the surface of the electrode. The
bare RVC has a free void volume of greater than 90 % and is comprised of irregular
struts of vitreous carbon [14]. In addition, although no roughness measurements were
able to be obtained of the NanoWeb material using either atomic force microscopy or
contact profilometry, the material clearly has a very rough surface. Such a structure,
combined with the irregular RVC scaffolding, could give rise to turbulent flow of the
electrolyte through the electrode structure rather than the laminar flow assumed in
theoretical treatment of rotating electrode behaviour. The dependence of catalytic
current on ω1/2 revealed by Figure 6.7 (a) has been observed for other, more dense,
porous electrodes and was explained to be the consequence of variations in flow rate of
fluid within the internal structure of the electrode [19]. However, the electrodes used in
the present work were far more porous than that described in the literature. It was
therefore deemed unlikely that the flow rate would be significantly different over the
electrode surface at relatively slow rotational speed in the case of the NanoWeb/RVC
electrode.
Instead, the diagnostic criteria outlined by Albery et al. and Rusling and Forster was
followed to explain the observed results [2, 20]. In these works, the authors provide
several reaction models that are able to be identified based upon experimentally
determined trends. Following this diagnostic criteria, the data presented here was found
to fit a plot of 1 / i2 vs. 1 / i2 x ω1/2 (R2 > 0.99), indicating that the system was best
represented by a through-layer reaction model (Figure 6.8 (a)). In such a model the
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mediated reaction only occurs near the electrode/film interface as illustrated in
Figure 6.8 (b), with the reaction layer representing only a fraction of the total film
thickness. The rate-determining step for this “through-layer” reaction scheme is
typically related to the kinetics of the mediated reaction [2].
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Figure 6.8: (a) Plot of 1 / i2 vs. 1 / i2 x ω1/2 showing the linear relationship indicative of a through-layer
reaction model. (b) An illustration of the proposed catalytic reaction model whereby E represents the
electrode, R represents the layer near the electrode surface where the mediated reaction occurs, and F
represents the immobilised mediating film.

In order to overcome the apparent kinetic limitations of the reaction, and increase the
catalytic current without the need for rotation, the temperature of the system was raised.
Elevated operating temperatures result in greater enzymatic activity since the increased
kinetic energy of the molecules result in more collisions between reactant species
having the required activation energy. Biofuel cells developed with a view to in vivo
applications are typically characterised at physiological temperature (~ 37 °C) in order
to mimic operational temperatures within humans. Thus in order to produce higher
currents without the need for rotation, as well as to allow for comparisons with literature
results, the temperature of the system was raised to 37 °C.
When conducted under oxygen saturated, static conditions the catalytic current was 3.5
times larger at a temperature of 37 °C compared to that obtained at room temperature
(Figure 6.9). Furthermore, the redox peak located at ~ 0.33 V in the latter case was
absent in the cyclic voltammogram obtained at physiological temperature, indicating
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that the kinetics of the reaction had become faster than the rate of diffusion of the
reacting species.
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Figure 6.9: Comparison of cyclic voltammograms obtained using NanoWeb/RVC electrodes modified
with BOD and redox polymer in argon or oxygen saturated buffer at either 23 °C or 37 °C. All
experiments were conducted at a scan rate of 5 mV.s-1 with potentials being recorded vs. Ag/AgCl.

If indeed the poor catalytic response of the NanoWeb/RVC electrode presented
previously in Figure 6.5 was more the result of slow electron transfer kinetics rather
than mass transport induced impedances, rotation of the electrode assembly in a buffer
maintained at physiological temperature would be expected to have minimal impact on
the limiting current density. Experiments were thus conducted at 37 °C using various
rotation rates, the results of which are shown in Figure 6.10. A small increase in
catalytic current of ~ 10 % from 163 µA.cm-2 to 179 µA.cm-2 was observed between
results obtained at the stationary and rotated electrode (500 rpm), respectively (Figure
6.10 (a)). However, when the rotation rate of electrodes immersed in a buffer
maintained at the higher temperature were increased past 500 rpm the current was
observed to decrease (Figure 6.10 (b)). This result is similar to that described in chapter
4 concerning DET from BOD.
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Figure 6.10: (a) Cyclic voltammograms of enzyme/polymer modified NanoWeb/RVC electrodes in
buffer maintained at room and physiological temperature, both with and without an applied rotation rate
of 500 rpm. (b) Linear sweep voltammograms of redox polymer/BOD electrodes at rotation rates of 500 –
3000 rpm in 20 mM phosphate buffer held at 37 °C. All experiments were conducted at a scan rate of 5
mV.s-1 with the potentials being recorded vs. Ag/AgCl.

This result could be interpreted as being a consequence of the enzyme and/or polymer
being stripped from the electrode. However, previous studies concerning the
crosslinker-to-polymer ratio indicated that this hydrogel composition was optimal and
ensured that the resulting polymer film was mechanically robust [15]. Other possible
explanations include that the increase in rotational rate actually decreases the residence
time of the substrate at the solution/film interface [21]. Since convective mass transport
would be dominant over diffusive transport under rotating conditions, it may be possible
that permeation of oxygen into the film is retarded and as a result the film itself
becomes starved of substrate. On the other hand, it may be that the converse is true and
that in fact the film is becoming saturated by oxygen. In this case the distribution of
oxidised and reduced osmium redox centres within the film may become more in favor
of the oxidised species, resulting in an apparent reduction in charge diffusion as
discussed in section 6.1. In either case the maximum current able to be obtained using
slow rotation speeds further illustrates the effectiveness of the unique architecture of the
NanoWeb/RVC scaffold at maximising mass transport of substrate to the electrode
surface without the need for significant mechanical agitation. As a consequence of these
results, all further experiments conducted with the redox polymer mediated
NanoWeb/RVC electrodes were conducted at 37 °C and under stationary or slow,
rotational conditions.
An important consideration when assessing the suitability of an electrode for use in a
223

Chapter 6

Polymer Hydrogel Mediated Catalysis at NanoWeb Modified Electrodes

biofuel cell is the ability to operate in air (rather than under oxygen saturated
conditions). In order to examine this, a NanoWeb/RVC electrode was poised at 0 V vs.
Ag/AgCl under argon, air and oxygen saturated conditions in order to evaluate the effect
of lower oxygen concentrations on the performance of the electrode. NanoWeb/RVC
electrodes modified with cathodic polymer/enzyme and rotated at 500 rpm were
observed to retain 73 % of their maximum current density obtained using an oxygensaturated buffer, when operated under air saturated conditions (Figure 6.11).
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Figure 6.11: Comparison of the effect of different gases purged through the electrolyte on the catalytic
current obtained with a cathodic polymer/enzyme modified electrode in phosphate buffer at 37 °C.
Electrodes were poised at 0 V vs. Ag/AgCl and were rotated at 500 rpm.

It was also important to determine exactly how much polymer/enzyme could be loaded
onto the NanoWeb/RVC electrode before the apparent enhancement in mass transport
afforded by the electrodes architecture was overcome by diffusional limitations arising
from film thickness. Initially, results were obtained using two separate electrodes, each
having a mixture of identical composition (75 % (w/w) cathodic redox polymer, 17.5 %
(w/w) BOD and 7.5 % (w/w) PEGDGE) immobilised onto them, but with one simply
having 2.3 times the total loading. Cyclic voltammograms obtained using the two
electrodes immersed in buffer maintained at 37 °C showed that doubling the total
enzyme loading resulted in a doubling of the catalytic current (Figure 6.12).
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Figure 6.12: CVs obtained under different conditions using two different NanoWeb/RVC electrodes
immersed in 20 mM phosphate buffer. Experiments were conducted at a temperature of 37 °C with no
rotation. All experiments were conducted at a scan rate of 5 mV.s-1 with all potentials being recorded vs.
Ag/AgCl.

Furthermore, each of the voltammograms showed the current approached a limiting
value at ~ 0.30 V and ~ 0.22 V for the electrodes modified with the lower and higher
total loadings, respectively. A 33 % increase in current was observed when the electrode
with higher enzyme loading was rotated at 500 rpm when compared to a stationary
electrode with an identical total loading (Figure 6.13 (c)). However, rotation speeds
greater than 500 rpm again resulted in slightly lower currents being observed (Figure
6.13 (d)), in agreement with results obtained previously for NanoWeb/RVC electrodes
modified with lower amounts of hydrogel.
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Figure 6.13: Effect of rotation rate on the catalytic current obtained under different conditions with a
polymer/enzyme modified electrode immersed in a 20 mM phosphate buffer at 37 °C. All experiments
were conducted at a scan rate of 5 mV.s-1 with the potentials being recorded vs. Ag/AgCl.

Further experiments were conducted using total loadings up to a maximal value of 400
µg.cm-2, with the maximum current density found to increase substantially to greater
than 1.8 mA.cm-2. However, at polymer loadings greater than 100 µg.cm-2, non-rotated
electrodes displayed behavior reflecting severe mass transport limitations. A clear
indication of this was that cyclic voltammograms produced using such electrodes
displayed prominent reduction peaks attributable to the osmium complex (Figure 6.14).
Upon application of a rotational rate of 500 rpm, significant increases in catalytic
current were observed with the resulting voltammograms displaying more typical
sigmoidal current/potential profiles. However, a rotational rate of ~ 1000 rpm was
required in order to achieve the maximum current density for NanoWeb/RVC electrodes
modified with a total loading greater than 200 µg.cm-2 (Figure 6.15). It is likely in these
cases that the volume of polymer deposited onto the electrode surface was too large for
uniform oxygen distribution over its surface, resulting in substrate depletion at slower
rotational speeds.
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Figure 6.14: CV profiles obtained using NanoWeb/RVC electrodes with 400 µg.cm-2 total loading
immersed in an oxygen purged 20 mM phosphate buffer. Experiments were conducted at a scan rate of 5
mV.s-1. All potentials are vs. a Ag/AgCl reference electrode.

Figure 6.15 compares the CVs of NanoWeb/RVC electrodes modified with increasing
total loading, obtained using a rotational rate of 1000 rpm in an oxygen saturated buffer,
as well as the effect of the total polymer loading on the maximum current obtainable.
The observed shift in the potential at which the current reaches a maximum value is
most likely attributable to the change in thickness of the polymer film, although greater
iR drop through the RVC structure at higher current densities would likely be a
contributing factor [22]. The maximum catalytic current densities able to be produced at
different total loadings are presented in Table 6.1, along with data obtained under
stationary conditions, and the rotational speeds required to achieve the maximum
observed catalytic currents.
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Figure 6.15: (a) Comparison of CVs obtained using NanoWeb/RVC electrodes loaded with increasing
amounts of polymer/enzyme immersed in oxygen purged phosphate buffer at 37 °C. Scan rate was 5
mV.s-1, with the electrode being rotated at 500 rpm. (b) Plot of the maximum catalytic current obtained
vs. total loading.

Table 6.1: Comparison of maximum catalytic current densities obtained using NanoWeb/RVC electrodes
with different polymer/enzyme loadings.

Total

Static Max Current

Maximum Current

Rotation Rate Required

Loading

(µA.cm-2 )

(µA.cm-2 )

for Maximum Current

(µg.cm-2)

(rpm)

42.8

163

179 (10 %)**

350

100

344

457 (33 %)**

600

200

563

1286 (128 %)**

1000

400

576

1864 (224 %)**

1250

**The percentages displayed in column 3 are the percentage increases in catalytic current obtained via
rotation over the static current maxima given in column 2.

The catalytic currents produced using the NanoWeb modified RVC electrodes are
significantly larger than those produced at more conventional electrodes. For example, a
1 cm x 1 cm piece of GC with a total loading of 471 µg.cm-2 produces a current density
of only 279 µA.cm-2 at 500 rpm. In addition, when compared to unmodified RVC
electrodes, the maximum obtainable catalytic current was more than doubled when the
RVC was modified with the NanoWeb material (Figure 6.16). This clearly illustrates the
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effectiveness of the NanoWeb in increasing dramatically the available electroactive
surface area, while contributing negligible mass to the overall electrode substrate.
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Figure 6.16: Comparison of CVs obtained using a bare RVC and NanoWeb modified electrode. The
electrodes were modified with identical amounts of polymer and enzyme. All experiments were
conducted in oxygen purged phosphate buffer at 37 °C.

Comparison of the results obtained with those presented in the literature is difficult due
to the experimental error associated with determining the electroactive surface area of
the NanoWeb/RVC material by electrochemical means. Normalisation of the obtained
results with respect to the enzyme and polymer loadings, however, gives an indication
of the performance of the NanoWeb in terms of its effectiveness at supporting catalytic
reactions. For example, Table 6.2 provides a comparison of catalytic currents
normalised with respect to enzyme, polymer and electrode mass. From this table, it can
be seen that electrodes prepared with 200 µg total loading were more efficient in terms
of the amount of current produced per unit mass of polymer, or the amount of current
produced per unit mass of enzyme. For comparison, the highest current density reported
in the literature for an osmium based redox polymer employing an enzyme to
catalytically reduce oxygen is that reported by Gallaway et al. [11]. These workers
described

electrodes,

prepared

using

the

redox

polymer

poly(N-

vinylimidazole [Os(terpyridine)(4,4′-dimethyl-2,2′-bipyridine)])2+/3+ and a laccase from
Trametes versicolor, capable of producing 2.1 ± 0.2 mA.cm-2. From the given
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experimental details, this equates to 4.96 µA.µg-1 of redox polymer or 9.46 µA.µg-1 of
enzyme at a rotational rate of 900 rpm in 0.1 M, pH 4 citrate buffer maintained at 40 °C.
These values are significantly less than the 8.28 µA.µg-1 of redox polymer or 35.49
µA.µg-1 of enzyme produced using the NanoWeb modified RVC electrodes used in this
study, despite the literature results being obtained at a higher temperature and more
acidic pH.
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Table 6.2: Comparison of the performance characteristics of several typical cathodic NanoWeb/RVC electrodes.

NanoWeb/RVC:
Total Loading = 43 µg

NanoWeb/RVC:
Total Loading = 100 µg

NanoWeb/RVC:
Total Loading = 200 µg

NanoWeb/RVC:
Total Loading = 400 µg

Mass of RVC (mg)

3.61

3.40

3.67

3.58

Mass of Polymer (µg)

32

75

150

300

Mass of Enzyme (µg)

7.5

17.5

35

70

Total Volume (µL)

8.8

19.5

26

50

Total Loading (µg)

42.8

100

200

400

Background Current (µA)

25

49

47

62

Max Current at 0 V (µA)

179

457

1289

1864

Background Corrected Current (µA)

154

408

1242

1802

Current per mg of RVC (µA.mg-1)

42.66

120

338.4

503.4

Current per µg of BOD (µA.µg-1)

20.53

23.31

35.49

25.74

Current per µg of Polymer (µA.µg-1)

4.81

5.44

8.28

6.01
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6.4.2 Glucose Oxidase Mediated Catalysis at NanoWeb Modified Electrodes.

Chapter 4 presented results which showed that it was not possible to produce a significant
oxidative catalytic current, via a DET mechanism, using glucose oxidase immobilised at the
NanoWeb material. This meant that it was necessary to introduce a mediator into the
system. This section of the thesis will present results obtained when the mediator used was
the redox polymer (PVP-[Os(N,N′-dialkylated -2,2′-bis-imidazole)3]2+/3+.
Cyclic voltammograms obtained using the polymer mediator deposited onto a
NanoWeb/RVC electrode, after immersion in glucose free buffer, displayed a redox couple
centered at - 0.18 V (Figure 6.17). This is slightly more positive than that reported for this
polymer at a glassy carbon electrode (E0′ = -0.195 V vs. Ag/AgCl) [6].
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Figure 6.17: Cyclic voltammogram obtained using (PVP-[Os(N,N′-dialkylated-2,2′-bis-imidazole)3]2+/3+
deposited onto a NanoWeb/RVC electrode after immersion in a 20 mM phosphate buffer solution. The scan
rate was 5 mV.s-1 with all potentials being recorded vs. a Ag/AgCl reference electrode.

Electrodes prepared using 63.2 µg.cm-2 total loading were then used to obtain cyclic
voltammograms in a deaerated phosphate buffer containing 50 mM D-glucose. These
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showed the typical sigmoidal current response indicative of catalytic regeneration of the
mediator at the electrode surface (Figure 6.18). As was observed with the cathodic BOD
modified electrodes, rotating the electrode at a speed of 500 rpm resulted in a small
increase in catalytic current as a result of increased mass transport of substrate to the film
surface. However, again it was observed that increasing the rotation speed faster than 1000
rpm did not result in any further increase in the catalytic current, but instead resulted in a
small decrease.
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Figure 6.18: Cyclic voltammograms obtained using a redox polymer/GOx electrode immersed in deaerated
PBS buffer containing 50 mM D-glucose that had been allowed to mutarotate overnight. The scan rate was 5
mV.s-1 with all potentials being recorded vs. a Ag/AgCl reference electrode.

Previous studies have reported a loss of GOx/redox hydrogel catalytic activity when
utilising vitreous carbon disks at high rotation speeds [23]. This was attributed to two
factors; loss of polymer material from the electrode surface due to shear force, and leaching
of low molecular weight components due to poor cross-linking of the redox hydrogel. Since
the cross-linking had been previously optimised for the redox polymers used in this work
[15], another method of improving the mechanical integrity of the films was trialed in
which the carbohydrate residues on the protein’s outer shell were oxidised with sodium
metaperiodate prior to immobilisation of enzyme on the electrode [6]. Such a procedure
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oxidises the alcohol groups present on the oligosaccharides of GOx to aldehyde
functionalities. Through Schiff-base formation these functionalities are then linked to
amine functions on the redox polymer resulting in a stronger film [23]. However, despite
this pretreatment, the electrodes still displayed maximum catalytic activity at a rotational
rate of 500 rpm, with faster speeds resulting in a loss of catalytic current (Figure 6.19).
Thus the observed response of the system to higher rotational rates appears to be an
intrinsic characteristic of the porous NanoWeb/RVC electrode.
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Figure 6.19: Cyclic voltammograms obtained using a redox polymer/GOx modified RVC/NanoWeb
electrode immersed in deaerated PBS buffer containing 50 mM D-glucose that had been allowed to
mutarotate overnight. The GOx enzyme was pre-treated with sodium metaperiodate prior to immobilisation.
The scan rate was 5 mV.s-1 with all potentials being vs. Ag/AgCl.

Electrodes prepared according to the procedures used to obtain the results shown in Figure
6.18 and 6.19, were observed to display large differences of over 10 % in catalytic current.
Despite the drop casting of numerous small amounts of solution over the surface of
electrodes, the covering was far from uniform, with SEM images of the modified electrodes
showing a similar heterogeneous covering to that shown previously for the cathodic
polymer (Figure 6.4). This was attributed to the small total volume of solution deposited
onto the electrode (~ 7 µL), which resulted in a very uneven coating with the polymer being
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visibly confined to the small areas where it was drop cast. In order to rectify the problem,
the total volume of the drop cast solution was increased in subsequent experiments by
diluting the enzyme/polymer mixture to a greater extent. Electrodes prepared using the
diluted drop cast solution displayed superior performance (Figure 6.20). The catalytic
current produced under stationary conditions increased from 238 µA.cm-2 to 549 µA.cm-2,
an improvement of 230 %. Under rotating conditions (500 rpm) the degree of improvement
was even more apparent, with the current density obtained using the more diluted drop
casting solution being 280 % larger owing to the more even distribution of material over
the electrode surface. However, electrodes produced using more dilute drop cast solutions
required application of a faster rotation speed (1000 rpm) in order to achieve their
maximum current densities. In these cases, increasing the rotation speed to 1000 rpm
resulted in a further 20 % increase in catalytic current beyond that observed at 500 rpm. A
reduction in catalytic current was not observed until rotation speeds greater than 1500 rpm
were applied.
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Figure 6.20: Cyclic voltammograms obtained using a redox polymer/GOx modified NanoWeb/RVC
electrode prepared with a more diluted drop casting solution. The total loading deposited onto the electrode
was identical to that used to obtain results shown in Figure 6.18. CVs were conducted in deaerated PBS buffer
containing 50 mM D-glucose that had been allowed to mutarotate overnight. The scan rate was 5 mV.s-1 in all
cases, with all potentials vs. Ag/AgCl.
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While the catalytic currents shown in Figure 6.20, that were obtained under rotating
conditions, are larger than that produced by the cathodic BOD/polymer electrodes
described earlier in this chapter, under non-rotating conditions the catalytic currents
produced were comparable. In order to ensure that the anodic electrode would not limit the
performance of a biofuel cell constructed using the two electrodes under static conditions,
the polymer/enzyme loading was increased. Due to the cost and limited availability of the
redox polymer, the loading was simply doubled in order to assess whether or not this
resulted in a doubling of the catalytic current. This resulted in a nearly 250 % increase in
the catalytic current density under stationary conditions. The current density increase was
even greater when rotation was employed, with a maximum catalytic current density of
2350 µA.cm-2 at 1000 rpm being achieved. Further experiments to determine the optimal
and maximum loadings possible were not completed due to the cost and limited availability
of redox polymer. In addition, such experiments were deemed unnecessary since the current
density reported above was far greater than the maximum current densities previously
obtained with the cathodic BOD/polymer electrode. However, these results give a clear
indication of the ability of the NanoWeb material to support effectively utilise, higher
loadings of polymer and enzyme, thus enabling scaling up of the electrode assembly.
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Figure 6.21: Cyclic voltammograms obtained using redox polymer/GOx modified RVC NanoWeb electrodes
prepared with double the total loading of the electrode used to produce the results shown in Figure 6.20. CVs
were obtained in deaerated PBS buffer containing 50 mM D-glucose that had been allowed to mutarotate
overnight. The scan rate used was 5 mV.s-1 with all potentials vs. Ag/AgCl.

Under biofuel cell operating conditions where an oxygen-reducing enzyme is employed as
the cathodic species, the electrolyte is required to be maintained under air saturated
conditions to ensure that the cathodic electrode has sufficient fuel. Therefore the
performance of a redox hydrogel mediated electrode containing GOx was evaluated for its
ability to catalytically oxidise glucose in the presence of oxygen. The presence of oxygen in
the system directly competes with the mediating polymer for the electrons transferred to the
FAD cofactor in GOx. Thus, small decreases in catalytic response are expected upon the
introduction of oxygen into the system. Cyclic voltammograms produced using
NanoWeb/RVC electrodes modified with redox hydrogel and GOx, after immersion in
buffer containing 50 mM D-glucose, showed that the presence of oxygen in the electrolyte
decreased the catalytic current by 27 % compared to argon purged conditions (Figure 6.22).
Such a result indicates that the majority of electrons produced by the catalytic oxidation of
glucose by GOx are captured by the mediating polymer rather than molecular oxygen. This
result is similar to those obtained by Gao et al. for commercially obtained GOx
immobilised in a redox hydrogel at a glassy carbon electrode when cycled in oxygen
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purged electrolyte [12].
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Figure 6.22: Cyclic voltammograms obtained using redox polymer/GOx modified RVC NanoWeb
electrodes. CVs were obtained using a 20 mM phosphate buffer containing 50 mM D-glucose that had been
allowed to mutarotate overnight. The scan rate was 5 mV.s-1 with all potentials vs. Ag/AgCl.

Comparison of the catalytic currents obtained for mediated GOx catalysis at the NanoWeb
modified electrodes in terms of the current obtained per mass of enzyme or redox polymer
again emphasises the ability of the NanoWeb material to more effectively utilise the
immobilised components. For example, carbon fibre electrodes that are able to operate
under steady state conditions owing to their micron-sized dimensions often display far
superior current densities, when normalised with respect to electroactive surface area, than
their planar macro-sized counterparts. Mao et al. reported current densities as high as 1.15
mA.cm-2 for 7 µm diameter carbon fibre electrodes modified with GOx and an identical
redox polymer to that utilised in this study [6]. Based on the given experimental data, this
equates to 13.28 µA.µg-1 of GOx or 30.19 µA.µg-1 of redox polymer. While the results
obtained using the NanoWeb were similar in terms of current per mass of polymer (29.27
µA.µg-1), the obtained current when normalised with respect to the amount of GOx used
was vastly superior, being over threefold greater at 43.55 µA.µg-1 of enzyme (Table 6.3).
Even under non-rotating conditions (Figure 6.21 (b)), the NanoWeb performed better
producing 20.46 µA of catalytic current per µg of GOx.
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Table 6.3: Comparison of the performance characteristics of several representative anodic NanoWeb/RVC electrodes.
NanoWeb/RVC

NanoWeb/RVC

NanoWeb/RVC

NanoWeb/RVC

NanoWeb/RVC

Total Loading =

Total Loading =

Total Loading = 72 µg

Total Loading =

Total Loading =

80 µg

72.85 µg

(enzyme treated)

72.73 µg

145 µg

Mass of RVC (mg)

3.65

3.81

4.03

4.30

5.41

Mass of Polymer (µg)

48

40

40

40

80

Mass of Enzyme (µg)

24

27

27

26.884

53.768

Total Volume (µL)

6.6

6.95

6.95

24.75

49.45

Total Loading (µg)

80

72.85

72.85

72.73

145.318

Background Current (µA)

11.25

13.42

19.07

19.87

37.28

Max Current at 0.2V (µA)

143.7

309

343.7

1060

2379

132.45

295.58

324.63

1040.13

2341.72

Current per mg of RVC (µA.mg-1)

36.29

77.58

80.55

241.89

432.85

Current per µg of Enzyme (µA.µg-1)

5.52

10.95

12.02

38.69

43.55

Current per µg of Polymer (µA.µg-1)

2.76

7.39

8.12

26.00

29.27

Background Subtracted Current
(µA)

239

Chapter 6

Polymer Hydrogel Mediated Catalysis at NanoWeb Modified Electrodes

6.4.3 Biofuel Cell Construction
A biofuel cell was constructed as described in section 6.3 using the loadings shown for
NanoWeb/RVC 145 (anode) in Table 6.3 and NanoWeb/RVC 400 (cathode) shown in
Table 6.2. In both cases the enzyme/polymer modified NanoWeb/RVC was immobilised
onto non-rotating, 3 mm disk GC electrodes. The open circuit potential of the cell was
monitored for 30 seconds prior to experiments being conducted and was found to be stable
at 0.8 V. This value is larger than that predicted based on the redox potentials of the
mediating redox hydrogels. However, the power output of the cell, calculated as described
in section 6.2, was low considering to the large current densities shown previously to be
produced by the individual electrodes operating under optimal substrate conditions. The
cell was found to be capable of delivering a maximum power density of just 20 µW.cm-2 at
a potential of 0.45 - 0.55 V (Figure 6.23). This value was low when compared to the
performance of other biofuel cells reported in the literature and was significantly smaller
then what was predicted based upon the current densities produced by the individual
electrodes. Repeated experiments yielded identical results showing that the system was not
degrading over time and that the electrodes were stable.
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Figure 6.23: Power density curves produced by the assembled fuel cell. The blue data points are those
recorded during the first experiment while the pink data points were those obtained after 5 sequential cycles.
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In order to determine the cause of the low power density, the electrodes were evaluated
individually in order to determine first, whether they were functioning properly, and
secondly, to see which was limiting the power being generated. The GOx/polymer anode,
when cycled in air saturated phosphate buffer containing 50 mM D-glucose, exhibited a
response typical of a catalytic process occurring (Figure 6.24 (a)). The somewhat smaller
current plateau produced with the electrode, in comparison to results presented earlier for
an electrode with an identical total loading (Figure 6.21 (b)), are attributed to the presence
of oxygen in the cell which would be expected to result in the loss of electrons via
reduction of molecular oxygen.
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Figure 6.24: Comparison of the cyclic voltammograms obtained using: (a) the anode; and (b) the cathode of
the biofuel cell. CVs were produced at a scan rate of 5 mV.s-1 in air purged 20 mM phosphate buffer
containing 50 mM D-glucose. All potentials are vs. Ag/AgCl.

However, the BOD electrode, when cycled in air purged buffer containing glucose showed
signs of severe mass transport limitations (Figure 6.24 (b)). The comparatively low
concentration of molecular oxygen present, compared to that in an oxygen purged
electrolyte, combined with the use of a non-rotating electrode and thick polymer film,
resulted in a CV more indicative of the immobilised redox polymer rather than the catalytic
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oxygen reduction current expected. To ensure that the enzyme immobilised at the cathodic
electrode was still active, the electrolyte was purged with oxygen for two minutes before
the electrode was again cycled. The resulting current trace was more typical of a catalytic
reduction processes occurring which indicated that the low concentration of oxygen in the
air purged electrolyte was the cause of the initial low power density of the fuel cell (Figure
6.25 (a)). Although the porous RVC material helps alleviate substrate depletion at the
electrode surface, earlier experiments indicated that rotational rates of 500 rpm were still
required to completely overcome mass transport constraints (Figure 6.11). However, the
polymer loading used to obtain the results shown in Figure 6.11 was nearly 10 times
smaller than that used for the biofuel cell cathode. The thicker polymer film present on the
biofuel cell electrode is more likely to result in significant substrate depletion without the
use of mechanical stirring. To confirm this hypothesis, the electrode was again cycled in
oxygen saturated buffer, but with oxygen being bubbled continuously into the solution next
to the electrode. The current was observed to increase by a factor of 6.5, confirming that the
smaller currents produced by the cathode are a direct consequence of mass transport
limitations.
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Figure 6.25: Cyclic voltammograms obtained using the cathode of the biofuel cell immersed in 20 mM
phosphate buffer maintained at 37 °C. (a) CV obtained using a scan rate of 5 mV.s-1 in oxygen purged, 20
mM phosphate buffer containing 50 mM D-glucose. (b) CV obtained under identical conditions but with
oxygen being continuously bubbled into the electrolyte. All potentials are vs. Ag/AgCl.
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Further biofuel tests were therefore conducted during which the electrolyte was continually
bubbled with oxygen. This resulted in the power density generated by the cell being
substantially improved. In these latter experiments the power density curves exhibited an
initial maximum power density of 77 µW.cm-2 at ~ 0.5 V. However, this initial value
diminished rapidly with repeated experiments falling to a maximum power density of just
32 µW.cm-2, recorded at a similar potential, after 3 consecutive experiments (Figure 6.26).
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Figure 6.26: Power density curves obtained from successive experiments conducted in 20 mM phosphate
buffer containing 50 mM D-glucose that was continually purged with oxygen. All potentials are vs. a
Ag/AgCl reference electrode.

The extremely small power output of the assembled cell was thought to originally arise
from the cathodic electrode being starved of substrate. Since this problem was addressed by
continually bubbling oxygen into the electrolyte prior to experiments being conducted, it
was necessary to again evaluate the performance of the anode under oxygen saturated
conditions. Previous experiments had indicated that only a small reduction of 27 % in
maximum current density was caused by purging the electrolyte with air prior to
experiments being conducted (Figure 6.22). However, the CV obtained using a
GOx/polymer modified NanoWeb/RVC electrode in oxygen purged buffer indicates that a
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significant reduction current flowed in the presence of higher concentrations of oxygen at
potentials more negative than - 0.1 V (Figure 6.27). Furthermore, when the electrode was
again used in experiments where the electrolyte was purged with argon, the ability of the
electrode to catalytically oxidise glucose seemed to be significantly compromised.
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Figure 6.27: Cyclic voltammograms obtained with the prepared anode of the biofuel cell, conducted at a scan
rate of 5 mV.s-1 in: (a) oxygen purged 20 mM phosphate buffer containing 50 mM D-glucose, and (b) a
subsequent experiment conducted using the same electrode in argon purged electrolyte containing 50 mM Dglucose. All potentials are vs. Ag/AgCl.

The observed reduction current in Figure 6.27 may be attributed to the two electron
reduction of oxygen to hydrogen peroxide occurring at the NanoWeb modified electrode.
Background experiments conducted with bare NanoWeb modified RVC electrodes in both
oxygen and argon saturated buffer revealed that the reduction of oxygen begins at a
potential of ~ – 0.1 V (Figure 6.28). Thus it is likely that the generation of hydrogen
peroxide at the electrode is a contributing cause of the low power output of the fuel cell
since the deactivation of GOx by hydrogen peroxide has been well documented in the
literature [24, 25].
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Figure 6.28: Cyclic voltammograms obtained with a bare NanoWeb RVC electrode under oxygen and argon
purged conditions. Experiments were conducted at a scan rate of 5 mV.s-1 in 20 mM phosphate buffer. All
potentials are vs. Ag/AgCl.

The stability of the anode in the presence of oxygen was further investigated in
potentiostatic experiments. When continually operated for 2 hours at an applied potential of
0.2 V, a GOx based anode rotated at 500 rpm showed reasonable stability for 130 minutes
under argon purged conditions. However, when oxygen was introduced into the cell, the
current was observed to decrease rapidly (Figure 6.29). The lack of redox polymer
available limited further investigation of the effect of oxygen on the performance of
NanoWeb modified electrodes with immobilised GOx and enzyme. However, it is
envisaged that a compartmentalised biofuel cell where the anode is kept under anaerobic
conditions will result in production of significant power outputs.
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Figure 6.29: Current vs. time plot for a GOx based anode held at a constant potential of 0.2 V (vs. Ag/Ag/Cl)
overnight initially under argon purged conditions. At the circled time, oxygen was introduced into the cell.
The experiment was conducted in 20 mM phosphate buffer maintained at 37 °C.

6.5

Conclusions

The current densities produced by NanoWeb/RVC electrodes modified with redox
hydrogels and either GOx or BOD were found to be large when compared to those
presented in the literature. For example, cathodes comprised of the redox polymer (PAAPVI-[Os(4,4′-dichloro-2,2′-bipyridine)2Cl]2+/+ containing BOD were found to be able to
produce 8.28 µA.µg-1 of redox polymer or 35.49 µA.µg-1 of enzyme (1.8 ± 0.2 mA.cm-2).
These values were comparable to or larger than the maximum current densities of 4.96
µA.µg-1 of redox polymer and 9.46 µA.µg-1 of enzyme (2.1 ± 0.2 mA.cm-2) reported in the
literature using high rotational speeds and acidic electrolyte [11]. Similarly, experiments
utilising GOx immoblised in (PVP-[Os(N,N′-dialkylated -2,2′-bis-imidazole)3]2+/3+ and
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deposited on NanoWeb/RVC electrodes produced current densities that were greater than
literature values. In this instance NanoWeb /RVC electrodes modified with redox polymer
and GOx produced a current threefold greater than the best results presented in the
literature when normalised with respect to enzyme mass (43.55 µA.µg-1 and 13.28 µA.µg-1
of enzyme, respectively) [6]. The effectiveness with which the NanoWeb/RVC electrodes
are able to utilise the immobilised reaction components is most likely attributable to the
unique hierarchical structure displayed by the NanoWeb/RVC electrode.

The performance of an un-compartmentalised biofuel cell constructed using a
NanoWeb/RVC anode and a NanoWeb/RVC cathode produced a current density of
77 µW.cm-2 at ~ 0.5 V. This value was slightly less than that generated by some other
biofuel cells reported in the literature (Table 1.1owing to parasitic reactions occurring at the
anode. The construction of a compartmentalised biofuel cell where the anolyte is oxygen
free and the catholyte is oxygen saturated is therefore likely to result in a power density that
is comparable, or indeed superior, to those reported in the literature.
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General Conclusions

The preceding chapters of this thesis aimed to address some of the performance issues
inhibiting the practical application of biofuel cells, including low current densities,
small operating voltages and short enzyme lifetimes.

Chapter 3 detailed investigations into the electrochemical properties of a new high
surface area electrode material, the carbon-based NanoWeb, and compared the results
obtained to the properties of other types of nanostructured carbons currently being
explored in the literature. The NanoWeb was found to have a high double layer
capacitance of ~ 1.5 mA.cm-2, with only a moderate amount of pseudo-capacitance
arising from surface functional groups. While the presence of a high capacitance can be
problematic in some application areas, it was found that the capacitive response of the
NanoWeb was essentially linear over a wide range of potentials. Hence, the background
capacitive response of NanoWeb electrodes was easier to separate from electroactive
responses due to analytes of interest, than was found for other nanostructured carbonbased materials including carbon nanotubes and graphene.

The NanoWeb material was found to have a high electrochemical surface area of
2.16 cm2 per square centimetre of geometric surface area. This was found to be much
larger than that of other nanostructured carbon electrodes investigated, and potentially
allows for large current densities to be produced. Although the material was found to be
electrochemically heterogeneous, the “apparent” standard electron transfer rate constant
determined using the outer sphere redox probe ferrocenemethanol was found to be
comparable to that of other carbon based electrodes. The ease and reproducibility with
which the NanoWeb can be deposited onto a wide variety of robust, conducting
substrates, makes the material an attractive candidate for a wide variety of
electrochemical applications.

The ability to improve the operating potential of biofuel cell electrodes via elimination
of mediated electron transfer reactions was investigated in chapter 4. Direct electrical
contact between the redox centres of bilirubin oxidase and glucose oxidase, and an
underlying electrode, was found to be facilitated by the unique structure of the overlying
252

Chapter 7

General Conclusions

NanoWeb. Such intimate contact enabled significant oxygen reduction currents of up to
145 µA.cm-2 to be produced via a mediator-less mechanism when bilirubin oxidase was
simply adsorbed onto the surface of a planar, NanoWeb modified GC electrode.
However, when the latter enzyme was deposited onto an electrode comprised of RVC
covered with the NanoWeb, the potential/current responses obtained did not display the
mass transport limited plateau current normally indicative of diffusion limited kinetics.
This indicated that mass transport of substrate to the surface of the electrode was
enhanced though the use of the hierarchically structured NanoWeb/RVC electrode,
which allowed for current densities as high as 272 µA.cm-2 to be obtained under static
conditions. Despite no significant catalytic response being observed upon the
introduction of glucose into the cell when glucose oxidase was immobilised at a
NanoWeb modified electrode, redox signals attributable to the embedded cofactor were
observed. At present, the reason for the lack of an oxidative catalytic current upon the
addition of glucose into the cell remains unknown.

The effect of using a hydrated ionic liquid as the media in which to conduct
electrocatalysis was investigated in chapter 5. In this section of the thesis, the
biocompatible ionic liquid choline dihydrogen phosphate (ChDHP) was fully
characterised using a variety of physical and electrochemical techniques. GOx catalysis
was able to be successfully performed in mixed solvent systems containing as much as
80 % (w/w) ChDHP/0.1 M PBS. This is the highest reported concentration of IL in a
mixed solvent system shown to be suitable for performing electrocatalysis thus far.
Although the catalytic currents produced from catalytic GOx reactions were lower than
those obtained in purely aqueous media, this was found to be a direct consequence of
the low pH and high viscosity of the mixed solvent system, rather than any denaturing
effect caused by the ionic liquid. Indeed, when data was normalised with respect to both
the activity of the enzyme at low pH, as well as diffusional impedances caused by the
high viscosity media, it was found that the catalytic currents produced in ChDHP based
electrolytes were in fact higher than those obtained in aqueous buffer.

Chapter 6 describes experiments which examined the effect of immobilisation of both
bilirubin oxidase and glucose oxidase in redox mediating hydrogels at NanoWeb
modified electrodes on the current densities of the resulting systems. It was found that
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the NanoWeb material was an effective platform for the immoblised reactants, enabling
significant catalytic current densities to be produced from relatively small amounts of
reactants. Mass transport of substrate to the hydrogel film’s surface was found to be
enhanced when it was deposited onto NanoWeb modified RVC electrodes. This was a
similar result to that found in chapter 4 when BOD was adsorbed onto the electrode.
When 1cm2 (geometric area) electrodes comprised of NanoWeb deposited onto RVC
were used, currents as high as 1.86 mA were produced from a cathode utilising bilirubin
oxidase, and 2.3 mA for an anode utilising glucose oxidase. Cathodes comprised of
bilirubin oxidase immobilised in redox hydrogel at the surface of NanoWeb modified
electrodes produced currents of 35.49 µA.µg-1 of enzyme or 8.28 µA.µg-1 of hydrogel
when oxygen was present in the electrolyte. Even larger current densities of
43.55 µA.µg-1 of glucose oxidase and 29.27 µA.µg-1 of hydrogel were produced at
NanoWeb modified anodes when glucose was introduced into the cell. These values
were larger than those calculated using the enzyme and polymer masses used to produce
the highest current densities reported in the literature. This form of normalisation
simplifies calculations greatly and allows direct evaluation of the efficiency with which
an electrode is able to utilise the reactants immoblised at it.

A non-compartmentalised biofuel cell was assembled using a redox hydrogel/GOx
modified NanoWeb/RVC anode and a redox hydrogel/BOD modified NanoWeb/RVC
cathode which produced a power density of 77 µW.cm-2 at a potential of 0.5 V. This
value was low compared to the current densities and working potentials able to be
produced by the individual electrodes. The poorer performance of the assembled biofuel
cell was shown to be due to the presence of oxygen at the anode. Construction of a
compartmentalised biofuel cell would therefore likely result in dramatic improvements
in performance.

7.2

Further Work

This work investigated several aspects pertaining to the development of practical, high
power density biofuel cells. Significant improvements in individual performance
metrics are described throughout the thesis. However, while the performance of the
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anodic enzyme glucose oxidase was explored in the ionic liquid choline dihydrogen
phosphate, the ability of the cathodic enzyme bilirubin oxidase to retain its native
functionality in the IL remains to be explored. In particular, the ability of the enzyme to
catalytically reduce oxygen via a direct electron transfer mechanism at the NanoWeb
material whilst immersed in the IL based electrolyte is an area that requires further
investigation. In addition, the redox mediating hydrogels discussed in chapter 6 were
not investigated for use in ChDHP containing media. This would be expected to
improve the performance characteristics of a biofuel cell since diffusion limitations
arising from both mass transport of enzyme and mediator would be reduced.

Further work into combining all of the elements discussed in this thesis into a working
biofuel cell is therefore likely to yield a device with enhanced performance
characteristics. For example, construction of a compartmentalised biofuel cell
comprised of a NanoWeb/RVC anode with redox hydrogel immobilised glucose
oxidase, a cathode comprised of bilirubin oxidase adsorbed onto NanoWeb/RVC, and a
ChDHP based electrolyte, is likely to have improved power generation capabilities.
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